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I'RONTisriECE. — The vinpear fly, Drosophila melanogastcr, female (below) and 
male. This species of fl\‘ has developed hundreds of new modifications affecting 
o.s'es, wings, legs, body color, spines and physiological characters. For this rea- 
son, and because the generations pass rapidly and the flies can be easily reared 
in large numbers on food that can be furnished the j’car round, it has been 
extensively bred in laboratories by students of heredity. More has been learned 
concerning heredity from this one species since 1910 than had been learned from 
all sources before that time. 
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PREFACE TO THE FOURTH EDITION 


Arnons tlic recent adtiinces that make necessary the revision oi 
hooks on genetics, tlie most striking is the group of discoveries, h>- 
Beadle and others, concerning the biochemical effects of gene mutation. 
These startling results bring to a clima.x a long series of studies by 
various workers. So unified now is the concept of gene action that 
the discussion of it is .segregated in a new chapter. Of the new facts 
of human heredity, the most important are those relating to the Kh 
factor in the blood. Discovered only in KMO, and existing in a number 
of different forms, this .substance is not yet fully understood, but it 
open.s up new po.ssibilities of practical apirlications more extensive 
than any afforded by the previously known red-cell antigens. This 
new knowledge is used in .several connections, theoretical and practical, 
in the ine.sent edition. In the chapter dtwoted to |nactical applica- 
tions past achievements have been allowed to sink into the background 
in favor of new developments. It is felt that the.se practical aiiplica- 
tions are of greater interest when they involve cuirent discoyevies. 

In certain allied fields wliere human hercdhty is involved least 
implicitly, new treatments *;e regularly in order. D^cus.sions that 
arc continually getting out of-^^iate are those on*population problems 
and immigration. With each Jmiw census, after time is allowed for 
digestion of the new numerical data, supi^(»l-«Ii|*illustrations have to 
be modified even if general conclusions are still valid. Accordingly 
the chapter devoted to population has been almost completely rewrit- 
ten. Revisions of discussions of immigration do not await censuses 
but respond to depression and war. The position of the United 
States as a desirable— or possible— place to which to migrate has 

fluctuated so extensively that the analysis of this process has had to 
he largely recast. 

other alterations, introiluced as aids in teaching, look to simplifi- 
cation The number of examples used to illustrate a phenomenon has 
often been reduced. Few of the phenomena included in earlier edi- 
tions^ have been omitted; those which are discontinued mostly relate 

tiff he?rrrrr* it is 

. till held that those who use this book are more interested in human 
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applications than in an}'- other feature of heredity. These changes 
have resulted in a moderate shortening of the book. 

In the problems, which now are placed at the ends of the chapters 

to which they relate, a different approach has been adopted. Part 

of the questions are designed to be thought-provoking, others are 

inquisitorial. Teachers who prefer the one type to the other can easily 
sort them out. 


Ann .\rbor, Mich. 
JdJiunnj, 1048 


A. Franklin Shull 
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CHAPTER 1 


RISE OF MODERN GENETICS 


The ancient ci^'ilizations of Jhibyloii and Assyria, several thousand 
years before the C'hristian era, had brouf^ht hors(‘s and cattle measur- 
ably near their modern state of advancement. Grains were cultivated 
by the F^gyptians at least as early as 40(K) b.c., for grains of barley have 
been found in the wrappings and cases of mummies of that time; and 
wheat, nee, soybeans, flax, and cotton have never, even in remotest 
records, been referred to as wild plants — they liave been cultivated 
during all that time. Fifty centuries ago, rice was being grown by 
the Chinese, and their ancient writings show that some varit'ties were 
regarded as better than others. 

It is difficult to imagine that these steps could have bec^n taken 
without involving some ideas of heredity. In the Gn'ek period, 
Hippocrates, the father of medicine, called attention to the recurrence 

of blue eyes, baldness, epilepsy, and other disorders at dilferent points 
in a line of descent. 

How these traits were then supposed to be transmitted is obscun*. 
Actiuired characters, that is, those which develop in the lifetime of an 
individual through use and disuse or environmental action, and inde- 
jK'ndently of anything in the ancestry, were legularly thought to b(? 
inherited. Things that a mother saw or experienced were believed to 
influence the nature of her children, though even if this were true it 
could hardly be called heredity. Reproduction was early considered 
a very generalized process, such that animals of very different kinds 
(tigers and dogs, for example) could breed together. There are 
indications that the progeny of unlike animals were regarded as a 
merger of the qualities of their parents. Out of this merger, the con- 
trasted features could scarcely be expected ever to be restored as such 
in subsequent generations. Yet, no peculiaiity of any ancestor could 
be entirely ruled out as a possible character in some descendant. Any 
horse that had a white ancestor had supposedly some chance of being 
whitish. Hybrids were expected to be intermediate, as they often 
were, and intermediacy of some degree was anticipated in all the 
descendants. These are the features of what has been called blending 
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inheritance, and even in the eighteenth century heredity was in general 
thought to be of the blending sort. 

Particulate Inheritance. — It was a notable advance, therefore, 
when breeders began to study, not the totality of hybrids, but their 
separate characters. Kolreuter (Fig. 1) was one of the first to take 
this step, and he is regarded by some as the first scientific hybridizer. 
He described the several features of the hybrids and compared them 
with those of their parents. As this gradually came to be the practice 


Fig. 1. — Joseph Gottlieb Kolreuter (1733-1806), leading early hybridist. {Jourtial of 

Heredity.) 

of breeders in general, it was observed that hybrids were not always 
intermediates, but that certain single characters might be fully restored. 
At the same time it was found that hybrids of generations later than 
the first were not all alike; some showed one character, others another 
character. The ear of corn in Fig. 2, in which the separate grains, not 
the ear or the plant, are the individuals, showed the result of this sort- 
ing out of two contrasted colors. This illustration had been published 
nearly two centuries before Kolreuter, and had not been interpreted as 
a sorting out of hereditary characters; but it illustrated the accumula- 
tion of facts which require this explanation. 
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Wlaat was being gradually learned was that in heredity the units 
are not the individuals, hut their characters. This became part iculurl\' 
clear when several contrasts of characters were observed simultane- 
ously, for the individuals represented dilYcrent combinations of the 


characters. Thus was arising the con- 
cept of heredit}^ as a particulate phe- 
nomenon. This word refers to the 
independence of the characters and of 
whatever represented them in the 
organisms, since these, like particles, 
could be shutlled and recond>ined. 
Heredity of a particulate type is in 
sharp contrast to heredity of the merg- 
ing sort, with its iKapetually inter- 
mediate hvb)-ids, 

% 

Gregor Mendel. — Th o u gli many 
hybridists described the various coin- 
l)inations of characters in succeeding 
generations, they neglected to rei)ort 
complete statistics of them, so that 
explanations of the causes were not 
easily arrived at. They did not say 
precisely how many individuals of a 
hybrid generation sliowed one charac- 
ter, how many the contrasted character. 
Gregor Mendel, an Austrian monk who 
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Fio. 2. — ^'^a^iation anionp pro- 
ceny illustrated in corn in 1588. to 
ho attrihuted either to .seKrej^ation 
or to mixed paternity, (From 
Zwkle, The Hvainnings of Plant 
Hyhridizntiou, University of Penn- 
syhnnia Press.) 


road the descriptions of their experiments, pointed out their lack of 
analysis, and he indicated that no real understanding of the phenomena 
eould be gained until such complete numerical data were furnished. 
When two or more character contrasts were studied at one time, it was 
necessary to know the precise number of individuals exhibiting each 
combination of characters in each generation. Not finding these facts 
m any of the published descriptions of crosses, Mendel decided to do 
some intensive experimentation himself. After due consideration of 
the .species used by others and after some preliminary trials of his own 

to determine what would best furnish the necessaiy information he 
elected to work with garden peas. ’ 


The Famous Pea Experiments.— Garden varieties of peas already 
m existence furnished many different characters ready to use Stems 
were tall and dwarf in different varieties; seeds were green or yellow 
also round or wrinkled ; pods were inflated or constricted between the 
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seeds, seed coats were either colored or colorless j the pods green or 
yellow; and the flowers were either distributed along the stem or they 
Aveie located at the tips. Plants differing in only one of these respects 
weie crossed in the simpler experiments, but more characters were 
simultaneously used later. When two pure varieties were crossed, all 
their offspring Avere alike; and if the varieties had differed in just one 
character, the hybrids were usually just like one of the parent types, 
d hus, if yelloAA'-seeded peas Avere crossed AAith green-seeded ones, the 
hybrids Avere all yelloAv-seeded. When, hoAvever, these yelloAV hybrids 
were self-fertilized, their offspring Avere of the two original kinds, some 
yellow, some green; and out of veiy large numbers (over 800 in this 
particular cross) almost exactly Avere of one kind (yellow), ^ of the 
other (green). Crosses inAmhung the other characters yielded numeri- 
cally the same results— the first-generation hybrids all alike and like 

one of the parents, the second generation of t\A’o kinds in the ratio of 
about 3:1. 

When plants differing in two characters AA’ere crossed, their hybrids 
again AAeie all alike and might be like one parent in both respects, or 
like one in one character and like the other in the other character, 
depending on how the t\AO qualities A\'ere combined in the parents. 
\\hen these double hybrids AA'ere self-fertilized, the next generation AA'as 
of different kinds; this time there AA'ere four kinds, and again they bore 
a definite numerical relation to one another. What this ratio AA’^as 
may well be left to a later chapter, but it AA'as essentially the same ratio 
in every experiment in AA'hich the oiiginal parents differed in tAA'o 
respects. 

1 o explain the numerically similar results obtained with respect to 
all the different characters, ^lendel postulated heredity imits, upon 
whose nature he A\*isely did not speculate, but AA'hich he Avas content 
merely to symbolize AA’ith letters, A and a. Two of these units related 
to any giA'en character Avere present in each plant, but, before they 
AA'ere transmitted, they separated (segregated) so that only one Avent 
to any one offspring. In the offspring one such unit entered Avith the 
female contribution and one AA'ith the male, but AA'hich type of unit came 
AA'ith each one AA'as determined at random. It AA'as this segregation of 
the heredity units and their random recombination AA'hich led so 
regularly to the ratio of 3 : 1 among the offspring in the second hybrid 
generation or to the more complex but equally regular ratios if tAA O or 
more pairs of characters AA'ere invoh’ed. 

Story of Mendel’s Life, — Descendant of a long line of gardeners, 
Johann Alendel (Fig. 3) AA'as born in 1822. In school, the short, 
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stocky lad stood at the head of Ins class, marked ‘‘('rninent ' in prof»;ress 
and f^ood" in all the branches of study — but in the relij^ious 

lectures merely “good." Despite the latt(U' slight deficitmey, he was 
reconiinended to an August inian monastery at Hrlinn, in what was 
then Austria, now ('ze^*hoslo^■akia, in 1843, and was accei)fed. Then' 
he assumed the monastic appellation Grt'gor, l>y wliich he was then*- 
after known. The monastc'iy was a c('ntej- of learning, and, wlu'u the 
modest, not particularly re\'erent. Clr('gor pro\'(‘d to be temj)eramen- 
tally nnsuited to pri(‘stly duties, he was shun1('d to the educational 
piH)gram. Though he had avoided the natural history course, in his 



fi... OrcKor Mendel, frotn i)oitniit in Moniviun MortcaKo Bnnk. {From Illis 

Life of MimUF) 

oaily school work, in lii\’oi’ ol i)lu'sics, was ulw'iivs iiit(‘i’(‘stcd 

in natural pheiiomona and was at dilforent linu-s a sunspot observer, 
a weather-bureau operator, a mouse breeder, a mieroscopist with 
flower parts the objects of study, an ainarist even to the extent of cross- 
ing difterent varieties of bees— all in addition to the famous work in 
plant hybridization. It was to botany that his chief energies were 
devoted in the mona.stery school, and, though ho twice failed in an 
important examination in that and other subjects at the University of 
N lenna because he had been merely self-taught, he nevertheless 
managed to make valuable contributions to it in later life. 

Soon after the publication of his monograph on the pea experiments 
events began to shape themselves in opposition to his continued 
scientihc work. For one thing, the now rotund, short-winded pro- 
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fessor was no longer able to scour the countryside mthout limit on 

botanizing tnps. Aloreover, so respected Avas he by all concerned that 

in 1868 he was chosen prelate to head the monastery. Thereafter he 

became more and more immersed in administrative work and gave less 

and less to his plant crosses. He also had an unfortunate controversy, 

extending over a number of years, mth the state on the question of 

taxing monasteries. During this dispute he became somewhat 

estranged from some of his colleagues, who thought that yielding a 

principle might have relieved the institution of some of its financial 

difficulties. Mendel maintained his position of defiance, however, 

until his death in 1884. His declining years were thus rendered bitter 
as well as unproductive. 

Neglect of Mendel’s Work, — Since evolution had become a burning 
question through the publication of Darwin’s “Origin of Species” in 
1859, and since heredity is an important element of the evolution 
process, it might be supposed that Mendel’s pea experiments Avould be 
promptly seized upon by naturalists and used to the full. That was 
not their fate, however; instead they Avere completely ignored for a 
third of a century. DarAA'in himself never heard of Mendel’s AA'^ork. 
The only biologist Avho is knoAAm to have been acquainted Avith it at 
the time AA'as the botanist Nageli. A number of lengthy letters passed 
betAA'een Nageli and Mendel concerning the pea crosses, but the 
former seemed not greatly impressed, and commented that the experi- 
ments, “far from being finished, are only beginning.” The only 
I’eferences to Mendel’s experiments in the three decades folIoAvang AA'ere 
one by Hoffman in 1869, and another in a paper by Focke in 1881, in 
the latter of AA’hich it is stated that his AA^ork Avas much like that of his 
predecessors but that “Mendel believed he had found constant numeri- 
cal ratios among the types produced by hybridization.” It AA'as not 
until 1900 that his paper AA^as resurrected, and others had discovered 
the same principle of segi-egation and recombination. 

Various explanations have been offered for this 34-year neglect of 
Mendel. The suggestion that the Proceedings of the Bininn Natural 
History Society AA'as an obscure publication is scarcely valid. litis, 
in his “Life of Mendel,” holds that the conciseness of Mendel’s paper 
AA'as against it; readers could hardly convince themselves that anything 
so small could really be of much A'alue. A third view is merely that the 
time AA'as not ripe, that the biological AA'orld had not yet been brought 
up to the point AA’here AA'ork of the precise and mathematical-looking 
sort done by Mendel appeared promising. The general interest of 
naturalists in evolution and natural selection folloAAing the publication 
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of Darwin’s “Origin of Species” was doubtless part and parcel of this 
unripeness of the times for experiments in heredity. Finally, it has 
been suggested that Mendel might have won recognition for his idea 
if he had advertised it; and the reason why he did not advertise it was 
that he feared it was not of general application. There was some 
reason for such fear; for, after getting well along with the peas, Mendel 
had also tried hybridizing the hawkweeds, llieracium, and these plants 
gave very erratic numerical results. Biologists know now that 
liieracium is to some extent parthenogenetic, so that what Mendel 
regarded as hybrids were not really such. This would account for the 
irregularity. Mendel knew nothing of this parthenogenesis, and was 
at a loss for an explanation. The suggestion matle is that Mendel 


himself did not believe he had hit upon a general law; hence, he did 
not drive for its recognition. His innate modesty would have helped 
him reach such a decision. 


The Rediscovery of Segregation and Discovery of Mendel. — The 
work of Mendel was not discovered until biologists were ready to 
rediscover his law' independently. The incentive to renewed study of 
heredity came from knowledge of variation. Crossing is of significance 
only if individuals differing in some respect are mated. Studies of 
variation, notably those conducted by Bateson and De Vries, revealed 
individual differences which could be so used. Consequently, in the 
1890’s the attack on the heredity problem was renewed. De A'ries, of 
Holland, found new' variations arising in the evening primrose but used 
also many other kinds of plants in crosses. Correns, in Germany, used 
corn, peas, beans, lilies, and stocks. In Austria, von Tschermak 
w^orked on peas. There were others, but these three are mentioned 
particularly because of the curious coincidence that they reached the 
publication stage almost simultaneously, that they arrived at the 
Mendelian law independently, and that in their search through 
the literature they all independently discovered Mendel’s old paper. 

De Vries was the first to publish, in March, 1900. He had learned 
of Mendel’s paper from a list in Bailey’s “Plant Breeding,” the citation 
there having been taken from Focke’s paper of 1881. Correns, having 
finished enough experiments to reach conclusions, quickly published 
them (May, 1900) when he saw the paper of De \'ries. Only a few 
weeks later was the publication of von Tschermak. Correns and von 
Ischermak had both found Mendel’s paper from the reference to it by 
Focke. All three of these botanists had been led to adopt the principle 
of segregation of heredity units and the random recombination of thL 
units to explain their ow n new results. They were of course not a little 
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surprised to find that similar results and a similar conclusion had been 
on record since 18()(). 

Modem Genetics. 1 he success of these plant hybridizers stimu- 
lated great interest, and biologists e\^erywherc began to test the new-old 
hypothesis in a variety ot plants and animals. The law of segregation 
received, from these tests, fairly general support. With this additional 
backing, interest in it rapidly grew. Biologists in other fields viewed 
the flourishing parvenu “genetics” a bit skeptically, and some of them 
declaied it could not be what it was being pictured; the scheme was too 
simple. And so it was. It was not long before it was found that the 
system of Mendel had to be modified. 

One of the earliest changes was necessitated by the discovery that 
m some animals, though one parent transmitted the segregated heredity 
units to all their offspring, the other parent handed on certain units 
only to half their offspring, and this half were all of one sex. In some 

species it was the male, in others the female, that possessed this limited 
capacity of transmission. 

Another change was required when it was found that certain charac- 
ters vere not sorted out with entire freedom, but that some of them 
tended to hang together. Correns had observed this in his work prior 
to 1900, and others found it later. Consequently, a mechanism 
whereby the heredity units could be bound together, not too unerringly, 
in the cells had to be found. Fortunately a mechanism, the chromo- 
somes, which would do this was plainly at hand. 

A third modification was needed when it was found that two parents 
visibly differing in only one respect might produce, two or more genera- 
tions latei*, more than two kinds of descendants. A single difference 
was splitting up into several differences. It had to be supposed in 
t hese instances that two or more pairs of heiedity units were cooperat- 
ing, in the original parents, to produce one visible effect, while due to 
the shuffling that took place in later generations they entered into 
situations where each unit operated singly or at least with other groups. . 

Thus the scheme grew and developed. Yet through all these 
changes the essential Mendelian feature remained — the segregation 
and recombination of the units of hereditj'. These units have been 
located in the chromosomes of cells, and it has been found that they 
have a very specific arrangement there. Chromosomes hav'e been 
broken, and the break carries with it a corresponding change in the 
heredity of certain characters. Chromosomes have been lost or added, 
and some character or other is modified to suit. So many such peculiar 
situations have been found or produced and the inherited character so 
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closely connected with a minute intracellular change, that it is now 
possible to look in a microscope at the cells of c('rtain organisms and 
point almost exactly to the si)ot where sometliing li(\s that is resj)onsibl(‘ 
for an eye color, a wing shap(*, or the number of joints in a leg. 

Important Objects of Study. — Though most organisms whose* 
heredity has been studied agree fundamentally with the above j)lan, 
some have yielded more particulars than otheis. The most fruitful of 
all objects of such stu<iy has becai the vinegar fly J )rosoi)hila. Hun- 
dreds of changes that could l>e used in making crossc's hav(* aris('n, or 
been discovenal, in this fly since 1910. Under the l(*ad('rship of T. If. 
Morgan, a group of investigators has puslu'd knowh‘(lg(' of the lu*redity 
of this fly fai- be^’ond anything that woidd luu'c? Ix'cn dreame<l (T as 
possible. C’orn has been used l>y a large grouj) of coopc'rating and 
independent workers, and its genetics is only nuxlc'rately le.ss well 
known than that ot Drosophila. I'he evening primros(' ( )(‘noth(*ra, 
De Vries’s source of plant changes, has a ratlxu- specialized scheme of 
heredity, which has been intensivtdy studied by a large corps of botan- 
ists on both sides of the Atlantic. 

Among the higher animals, only those which are not too expensive 
to rear can be used for largc'-scale studies. These are mi(*(‘, rats, 
guinea i)igs, and ral)bits. ^lammals have yielded few(‘r details than 
have plants or the simpler animals, but they ha\e the advantage of 
standing nearer to man, and thus perhaps of indicating more closeJy 
the trend of human problems of heredity than does Drosophila, corn, 
or Oenothera. 

Human Heredity. — Inheiitance in man has not been overlooked, 
but it cannot be used advantageously to discover the details of the 
heredity mechanism. AVhat is known of man’s heredity' is therefore 
mostly an application of what has been discovered more plainly and 
earlier in other organisms. The first important student of human 
heredity was Sir Francis Galton, working in the last third of the 
nineteenth century while iMendel’s paper lay unnoticed, hence with- 
out the example of complete individual analysis furnished by the pea 
experiments. Galton thought of heredity quantitatively, and one of 
his chief principles was the “law of regression,” which states that 
children deviate from the mean of the population less than their 
parents deviate from the same mean. Such information would be of 
use to an insurance company, if the inherited character had anything 
to do with longevity, or to anyone actuarially interested for any other 
reason, but it did not help to understand the heredity of individuals 

With the coming of Mendeli.sm, the statistical method of studying 
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heredity gradually gave way to the individual method used in other 
organisms. Human characters, large numbers of them, have been 
traced through family histories. Though most of them are still some- 
what less than clear, and many of them are really obscure, they bid 
lair to fall into the same scheme as the inherited qualities of other 
organisms. No fact of human heredity is yet known which contradicts 
that scheme in any particular, and many such facts plainly support it. 

Practical Applications. — Practical applications of knowledge of 
inheritance in man are being attempted. The eugenics movement 
dates from the work of Galton, and strong organizations in several 
European and American countries have furthered it. Such work in 
America centers largely in the Eugenics Record Office on Long Island, 
and in the Eugenics Research Association. The success of the whole 
movement depends first on accumulating a much larger fund of infor- 
mation concerning human heredity and second on a consummate wis- 
dom in its use. 

Much more advanced is the application of laws of heredity to such 
economic ends as the improvement of domestic animals and farm crops. 

1 he V ork in this field constitutes a sizable industry, largely under 
Federal and state management, for the benefit not only of agriculture 
but of all who use its products. 

PROBLEMS 

1. Why would particulate inheritance provide for more sharply defined varia- 
tion of a species than would blending inheritance? 

2. hy would a cultivated plant be likely to meet Mendel’s requirements for 
experiments better than a wild species would? 

3. WTiy would a parthenogenetic species, not known to be such, mislead a 
geneticist who used it in attempted crosses? 

4. \\ ith what new advance in knowledge would you saj' modern genetics 
began? 

6. What are the characteristics of an animal or plant species that would make it 
good material for the study of heredity? 



CHAPTER 2 


CELLS AND THEIR ORIGIN 


In his search for the physical basis of heredity the g('neticist must 
look far deeper than ordinaiy anatomy. Organs and tissues are of 
little service, except occasionally in throwing light on the mechanics of 
development. The cells ol which these gro.s.ser structures are compo.sed 
are the largest units with which genetics must usually deal. Even the 
cells are too large and inclusive to be of prime significance in most 
problems of heredity; it is their minute components that are most 
revealing. Some of these components are readily visible with a micro- 
scope, but the most important ones are near or beyond the limits of 
visibility even with such optical aid. 

Cells are everj'where. Plants are composed of them throughout 
roots, stem, leaves, flowers, and fruit. Every tissue of animals is built 
of cells, and every activity is traceable to them. Muscle, bone, skin, 
glands, all are cellular. Blood, though largely liciuid, contains’ hosts 
of cells that determine some of the most important properties of the 
circulating medium. Coordination of the many activities of an animal 
depends upon conduction of impulses by cells in the nerves, and mental 
processes depend upon brain cells. Even such dead structures as hair 
and nails are made of cells that were once alive. All development from 
seed or egg involves cells, and every stage, young or old, of plant or 
animal, is composed of these structural units. 


Whatever inherited quality is under scrutiny, cells have made it 
what It is. And no matter what phase of hereditary transmission is 
examined, cells are found to be guiding and effecting it. 

The Nature of CeUs.— These cells are composed of a material known 
as protoplasm, nearly colorless, of a jellylike consistency, and com- 
pnsmg a mixture of proteins, carbohydrates, lipids, salts, and water. 
Ol the several classes of organic compounds named, the proteins are 
mosT important in heredity. The proteins are built up of one or more 

proportions and arrangements. 
Because of this chemical structure, proteins are very complicated • they 

may be and are, therefore, of very many different kinds. Moreover 

m their chemical relations proteins are very specific, that is they do 

11 
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certain tilings with great precision and other things not at all. These 

two properties of proteins, their great specificity and their complexity 

of structure, are what make them so .significant in living things. 

Hecause of them organisms can be of an enormous number of different 

kinds and can maintain these different kinds with a high dc'gree of 
porsistenco. 

Somewhere in the midst of the protoplasm of a cell is almost always 
a nucleus (Fig. 4), the important component of which is a quantity of 
scattered protein material of a variety of kinds, collectively called the 
chromatin. The nucleus also contains a liquid, in which the chromatin 



I'Ki. 4 . A generalized cell. c<i, mitochondria; ch, chromatin ; ci, lifeless inclusions; 
cm, cell membrane; c/t. centriolo; cs, centrosphere; cy, cytoplasm; y, Golgi apparatus; 
11, nucleus; nl, nucleolus; nm, nuclear membrane; ns, nuclear sap; p, plastids; pdiv, 
plastid dividing: v, vacuole. 


floats; there is often another body called the nucleolus in this fluid; and 
the whole is marked off from the protoplasm outside by a thin mem- 
brane whose tension tends to keep the nucleus round. 

In the outer protoplasm, called cytoplasm^ are usually other struc- 
tures. Frequently, especially in plants, there are plastids, colored 
green as in leaves, red or yellow as in some fruits and flowers, of other 
colors or colorless in various other situations. Many cells also contain 
vacuoles, droplets of enclosed liquids, having various uses or being 
merelj’- incidental. There are probably always, also, rodlike, thread- 
like, or granular bodies of mainly lipoid composition, knovTi as mito- 
chondria or chondriosomes. Finally, in many cells there are lifeless 
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objects, either produced by tlie cells themselves, such as starch grains 
or fat particles, or taken in from the outside and having no real part 
in the activities of the cells. 

Of the cell structure's mentioned, the chromatin of the nucleus is by 
far the most imi>ortant in lu'redity. Reasons for this conclusion and 
details concerning the' relations of the chromatin to ge'uetic processes 
arc presented in many ])laces in latc'r chapters. Of the cell contents 
outside the nuch’us, the jdtistids have an iiu])ortant relation to the 
heredity of color in j>lants, on a basis very difterc'ut from that of the 
chromatin. Some biologists have also sugg(‘st(‘d that mitochondria 
have a function in lu'ix'dity, l)ut there is little to indicate any specific 
connection of this sort. 

The cells of a multicc'llular organism op(‘rate in a ])artnership. 
No cell works bv itsc'lf. IN'erv C(‘ll is influenced bv otlu'rs around it 
or oven at a distance from it. In embryonic de\'(‘loj)inent a gn'at deal 
depends on how tlie cells are placed relative to oiu^ amjtlu'r. A chain 
of events leads normally to a c('rtain end result, but, if any j^art of the 
mass of cells is artificially misplaced, the succee<ling changes may ho. 
profoundly nnjdifietl. Place a section of the early nervous system 
anywhere else than in the middle of the back, and a double monster 
may result. The growth of bones responds to pressure such as is 
exerted by adjoining bones; their inteinal structure is gradually 
braced against that pressure. jMental (jualities whose valuations are 
inherit('d depend largely, not on individual l)rain cc'lls, but on how those 
cells are joined to one another. Probably nowhere in multicellular 
animals does anything of importance depend soleh' on the nature of 
individual cells, but it does depend in part upon interrelations among 
cells. 

Germ and Somatic Cells. — In the many-celled animals there are 
two classes of cells, fundamentally different from each other in their 
relation to heredity. The somatic or body cells are directly responsible 
for the actual manifestation of inherited characters but have nothing 
to do with transmission of them except in primitive types of reproduc- 
tion. The germ cells, on the contrary, have everything to do with 
transmission from generation to generation in the higher forms of 
lepioduction but are not at all directly responsible for the expression 
of most of the characters inherited. 

The two kinds of cells are connected in animals in a very important 
unilateral genetic way. The germ cells of animals give rise in every 
generation to somatic cells, as well as to more germ cells. But the 
somatic cells do not produce germ cells, or do so only very rarely, in 
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animals. The germ cells thus constitute a reserve out of which the 
genetic continuity of the germ cells and the repetition of the production 
of bodies in each generation are maintained. This sharp distinction 
between the two classes of cells has very important consequences in the 
theory of heredity. 

Production of New Cells. — New cells are produced only out of old 
ones, by division. This process contains the key to two groups of 
facts that are very significant in heredity. First, it shows why all the 
cells of a multicellular organism must be expected to be genetically 



I lo. 5. Cell division. A, cell not dividing, ordinary nucleus •ndth divided centriole 
at its upper left; B, cliromatin of nucleus resolved into chromosomes, spindle forming 
at loft; C, nuclear membrane dissolving, spindle enlarged; D, duplication of chromo- 
somes, now located on middle ol spindle; E, same stage as D, but viewed from end of 
spindle so duplication of chromosomes is not seen; F, duplicated chromosomes moving 
or being drawn to opposite ends of the spindle; (?, chromosomes beginning to form 
nuclei, cell body beginning to divide; H, two cells completely reconstructed. 

alike, at least in their beginnings. Second, it discloses some features 
of the constitution of cells which even the closest examination of them 
at other times does not reveal — features which bear very directly on 
the operations of heredity. 

The general procedure in the production of new cells in animals is as 
follows. The chromatin in the nucleus, which at other times appears 
scattered, becomes assembled into several strands or ropes of various 
lengths, which are called chromosomes (Fig. 5, B). Outside the nucleus 
there is formed a spindle-shaped figure with a star at each end. This 
spindle lies beside the nucleus, whose surrounding membrane now is 
dissolved away, allowing the chromosomes to move over into the midst 
of the fibers of the spindle (Fig. 5, C). 
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About this time each chromosome is seen to be double (7)j, that is, 
each chromosome has producetl a new cliromosome whicli is an exact 
replica of itself. 'I'hese identical chromosomes are then drawn apart, 
as if being pulled apart by some of the fibers of the spindle {F). ()n(^ 

of the two similar chromosomes produced by each duplication process 
goes to each end of the sihndle, so that two groups of chn)mosomes, 
identical with one another and with the original chromosomes, are 
placetl at opposite poles of the cell (//). 

Here each group Ix'comes surrouiuh'd by a new nuclear membrane, 
tlie chromosomes become diffuse again, and tlu' body of the cell becomes 
furrowed, then completely divided, between the lu'w nuclei (//). Two 
new cells have replaced the old one. 





0. — Fornuitioii of dividing wall in plant coll. {From U'. Rohyns, in Scifriz, 

Frotoplasm.) 


Duplication of jdant cells usually differs from that just described 
in an unimportant respect. In the division of the cell body between 
the new nuclei, there is no furrow from the otitside. Instead, a row 
of pellets is deposited across the middle of the cell (Fig. 0). These 

knots, as they grow, merge and form a wall that separates the two new 
cells. 

Pattern in the Chromosomes. — To grasp the importance of cell 

division, one must know the minute architecture of the chromosomes. 

Fortunately, this finer construction may be observed in favorable types 

of cells and is to be inferred in others that do not reveal their organiza- 
tion so directly. 

Each chromosome is made up of a chain of minute bodies (the 
chromomeres) strung like beads on a fine thread or imbedded like boul- 
ders in a very slender stream. Some of these beads can be seen when 
the chromosomes are long and exceedingly slender threads, as they are 
when the first condensation of the chromatin takes place preparatory 
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to cell division. The chromosomes are greatly extended then, and the 
nodules are relatively far apart, so that they are separately visible. 
The visible beads on these strings are of many different sizes (Fig. 7), 
and there are sound reasons for believing that many others, probably 
also of different sizes, are too small to be seen. Presumably, also, they 
have different chemical compositions, vhich is more important. 
Though some of these little pellets may be just like others in the same 
chromosome, they have been pro^'ed to be in the main different from 
one another. 

These motley particles ha\'e a definite arrangement in their respec- 
tive chromosomes. To make the portrayal concrete, picture the first 
one at the end of a chromosome as a large one, followed by several of 



I’lG. 7. — Pattci ii of cliromomeros of different sizes in one of the chromosomes of a 
grasshopper. The chromosomes are in pairs, from 13 different individuals. The 
horizontal dotted lines pass through homologous chroinomcres. (Modified from 
Wvnrich.) 

minute but different sizes and then by one of medium volume. .fVfter 
this there are several small ones, two large ones in close succession, a 
few small ones, then a medium and several small ones, again a medium 
and a large one, and so on. An actual pattern, somewhat different 
from the hypothetical one just described, is shown in Fig. 7. While 
there may be only several dozen visible chromomeres in a given chro- 
mosome, their total number, including those too small to see, must 
usually amount to hundreds. All of them, there is good reason to 
assume, have as definite a pattern of arrangement as do those which can 
be seen. 

Now, every cell of an organism has in it a chromosome of the same 
design. Particle by particle, from one end of the chromosome to the 
other, the same order of sizes is followed in one chromosome of every 
cell. Indeed, there are usually two chromosomes having this same 
pattern in every cell of the same individual. Moreover, this same 
arrangement of particles is found, with minor modifications, in every 
individual of the same species. In Fig. 7, each pair of chromosomes 
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shown came from a dift’erent coll, oven frtnn a dilToront individvial. d'lu? 
similarity of thoir patterns is indicated by the dotted lines passing 
through corresponding nodules. 

Individuality of Chromosomes. — All the other chromosouK's in the 
cells are dilTerent from these two. Two of them are alike' in their 
pattern of beads, but elirferent from all the rest. Two more are* alike 
in pattern, but it is a dilYert'iit patti'rn from that of any other two chro- 
mosomes. In this manner, each chronn)some is twin to another. 
Kacli chromosome is like' e>ne e)ther, but elilTe'rent from the' remaining 
ones. 

'I'hc chromosome's thus i)ossess an inelj\-ieluality, which, lH)wejver, is 
shareel between twins. d'he'V e-ould very we'll be* nameel, just as people 
are named. All the chr()nie)some.s having a gi\('n ]>attei-n of their 
constituent chre)me)mere's might be; calle*d A, whether in e>ne cell or 
ane)ther, and no matte'r in what ineli^'idual of the spe'cies. A e*hromo- 
some of ane)ther pattern could be designate'el B, wherever it occurred, 
in different cells or different inelivieluals. A third pattern might bo 
called (’, anel so on. Thus, the chre)me)se)mes of a cell, e)f an indivielual, 
or of a spc'e'ies, we)ulel consist e)f two A's, two B’s, two C’s, and so fortli. 

It is possible that se)me e)f the minute gle)bid(‘s that are strung ale)ng 
chromosome A may be ielentical with some in chiomosomes B or C. 
Indeed, from a consideration of the wav in which chromosomes have 
evolved, it is to be expc'ctc'd that there are .some such repetitions. That 
is not, however, an important fact for the prc'sent. Since a given 
particle in one po.sition has been shown to have an ('Ifect dilTerent from 
that of the same particle in another position, the chromosomes may be 
regarded as wholly different except as between twin chromosomes. 

The two chromosomes that are alike are calk'd homologous chro- 
mosomes from the fact that they must have evolved from tlie same 
source. Two A's are homologous with one another, even if they come 
from different individuals; two B’s are homologous; and so on. 

Significance of Cell Division. — The importance of the method by 
which a cell divides should now be apparent. When the chromosomes 
are doubled, each nodule which the chromosomes contain is duplicated. 
Since the nodules arc of dilTerent sizes and different chemical composi- 
tions from end to end of each chromosome, only a duplication of each 
pellet would effect a genuine duplication of the chromosome. Further- 
more, since the chromosomes in each cell differ among themselves 
(except hotnologous chromosomes), any other method than the one 
actually employed, of duplicating each chromosome and carrying one 
of the resulting two daughter chromosomes to each of the new cells at 
each division, would yield two dissimilar cells instead of two alike. 
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The value of this duplication, part by part, in maintaining a com- 
bination of living structures vhich is successful — which had to be 
successful in order to sur^’ive — can hardly be overestimated. Any 
scheme of cell division that freely permitted one cell to be different 
from the other cell arising at the same division would lead to wasteful 
chaos. Insofar as this regularitj^ is maintained, every cell in a multi- 
cellular organism ought to have the same constitution as every other 
cell in the same individual. That is, muscle, nerve, bone, gland, and 
blood cells should be genetically alike. Whether they do maintain 
this similarity indefinitely has been debated, but cell dhdsion appears 
not to be an agency by which they might become different. 

This is not to say that irregularities never creep into cell division. 
Occasionally, after a chromosome has become duplicated, both of its 
daughter chromosomes go to the same cell, while the other cell lacks 
a chromosome of that identical constitution. Such failure of chromo- 
some duplicates to go to different cells is called nondisjunction; certain 
special genetic phenomena are dependent upon it. 

Division of Plastids. — Since some of the inherited characters of 
plants, such as variegation of leaves, are due to the plastids, it is worth 
while to point out that these structures are autonomous in their multi- 
plication. That is, their increase in numbers is not in anyway'' depend- 
ent on the duplication of chromosomes and has no necessary connection 
with the process of cell division. Plastids multiply by simply dividing 
in two, in a manner analogous to vegetative or asexual reproduction 
of simple organisms, described in the next chapter. This division 
results in two identical plastids each time, but the rest of the cell is in 
no way involved. Plastids may go on dividing when the cell as a whole, 
including its chromosomes, is not dividing; and plastids do not have to 
divide when the cell divides. At cell division, some of the plastids are 
located in one daughter cell, some in the other. If the plastids are of 
two or more kinds, there is consequently no assurance that the two 
cells produced by cell division will be equivalent with respect to them. 
In this feature they differ from the chromosomes. 

PROBLEMS 

6. What feature of chromosomes makes it important that, in cell division, they 
be divided lengthwise rather than crosswise? 

7. Would you expect the two cells produced bj’ division of one to be identical 
with respect to their plastids? Why? 

8. What would be the danger of frequent occurrence of nondisjunction? 

9. What do you understand by “individuality of chromosomes”? What 
would make them possess individuality? What circumstance would cause them to 
lack individuality? 


CHAPTER 3 


ORIGIN OF NEW INDIVIDUALS 


Since heredity inv()lv('s (•(niliniiity bet\v(‘(‘n ^(‘luM alions, the manner 
in whicli new individuals are produced (‘xcucisc's a lundainental 
influence upon the nature of transmission. Some forms of reproduc- 
tion tend to preserve, unchanjr{Ml and alike, all individuals belonging 
to a given line of descent. Other forms contribute mattu-ially to the 
variability of the specie's, that is, to tlu' diffcrenc(*s among indi^•iduals, 
even among those' clo.s(*ly lelate'd. Tlu' jiroiu'ness to constancy or the 
tendency to change is the chief feature of a mode of rc'production that 
concerns the student of heredity; all other (‘lenu'nts of the process are 
minor. 


Via. 


8 . 



Fission, or asexual reproduction, in Amoeba. The chromosomes shown 
tlic first figure suggest that the division is a qualitatively equal one. 


in 


Asexual or Vegetative Reproduction.— Any form of reproduction 
in which a considerable fraction of the parent goes over into each of the 
offspring offers an e.xcellent opportunity for the individuals of both 
generations to be similar. Fission, or the nearly equal division of the 
parent, is employed by many of the unicellular organisms. In 
Amoeba (Fig. 8) the cell simply divides into two. The nucleus of 
Amoeba is resolved into minute bodies that may be likened to chromo- 
somes. If these bodies are duplicated during fission, then the two 
amoebae produced should be as much alike as are the two cells resulting 



20 


liEHEDITY 


from cell division in multicellulai- organisms. In Paramecium, there 
are two nuclei, a large one and a small one. In fission, the small 

nucleus forms minute chromosomelike ob- 
jects, hut the large one does not (Fig. 9). 
However, the large nucleus is not very im- 
portant in this connection since it period- 
ically disintegrates and is replaced by pieces 
of the small one. Consequently, in the long 
run, fission in Paramecium is of a type that 

appears to provide equality of the two cells 
produced. 

hen the division of the parent is very 
unequal, reproduction is usually called bud- 
ding. 7 his name is particularly appropriate 
when a small portion of the parent must first 
be protruded before it is pinched off. Hydra 
commonly reproduces in this way. The 
body wall of this animal consists of two 
layers of cells, and when a new individual 

f produced this Avail is simply elevated 
like a hollow haycock. The protrusion is extended (Fig. 10), develops 

subsidiary protrusions for tentacles, opens a mouth among the bases 




I iG. 9. — I'is.sion in Para- 
mecium. Only the small 
nucleus has any long-term 
importance in reproduction. 
Its chromosome.s inclicate 
that the divi.'^ion is probably 
a qualitatively’ e(iual one. 



hiG. 10, Asexual reproduction in Hydra; two succes.sive stages of budding. 

of the tentacles, and then is pinched off. Since the cells which enter 
into the hud have been produced by the duplicating method of cell 
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division described in the preceding chapter, they are presumably like 
all other cells in the body. C’on.se<iuently, the otTspring would be 
expected to be identical with the parent. 

In some forms of asexual reproduction, small gioups of cells 
(variously called (j( mmuhs or sUitohld-sts) ar(‘ s(‘parated oiT from the 
body. In some organisms single cells are thus scd aside for rej)roduc- 
tion. These cells are generally called spores, \\ lu'ther these types of 
reproduction conduce to similarity among indi\'iduals depends on the 
nature of the divisions by which the rc'product i\e cc'lls are ])roduc(*d. 
Gemmules and stat oblasts give (‘V(‘ry sign of leading to stability; some 
kinds of spores are lik(‘wi.se genetically e(lui^'alent to the plant which 
produces them. 

Variability and Asexual Reproduction. — Thougli it is usually 
expected that no dilTcrence b(dwecn parents and otfsi)ring will arise in 
asexual reprod\iction, tlmt e\p(?ctat ion is ba.sc'd chi(‘fly on tlu‘ fact that 
vegetative n'production stems originally from what seems to be 
ordinary cell division, and such division appears to result in ecpial cells. 
What other evidence is there relating to this anticipated stability? 
Certain unica'llular organisms have been bred fca* many generations 
and watched for changes. Very few have occurred. In some such 
investigations no modification whatever has been detected. In a few 
studies, new types of individuals have occasionally arisen. 

Do these occasional modifications indicate that, after all, asexual 
reproduction is not the conservative process it .seems to be? Probably 
not. So far as the (|ualities of the organisms are determined by their 
chromatin, the changes are presumably of the nature of mutations, 
which constitute the basis of much of evolution. These mutations do 
not depend on the type of reproduction. They are changes that would 
occur in some individuals whether they reproduced or not. In other 
words, reproduction is not causing them. 


If any differences were displayed in the cytoplasm, in structural or 
physiological units that multiply autonomou.sly and maintain their 
chai acteiistics independently of influence of the chromatin, an irregular 
segregation of these should take place, and dissimilar lines should arise, 
in asexual reproduction. Aside from plastids (page 12), there is little 
evidence of the existence of such autonomous units, and differences 
dependent on other things have usually proved temporary. 

Biparental Reproduction in Higher Animals.— In typical sexual 
reproduction two parents are involved. These parents are differ- 
entiated in the higher animals into sexes which are structurally differ- 
ent, not only with respect to the reproductive organs but in other ways 
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as well, lioth sexes in the higher animals produce germ cells. In the 
females these germ cells are relati^'ely large and passive, and are called 
In the males the germ cells are very small and actively motile, 
and are called spermatozoa (or sperm). Typical germ cells arc shown 
in Fig. 11, at v(‘rv different magnifications. 

lOgg and spermatozoon are in some manner brought together, and 
thej^ merge into a single cell, cytoplasm with cytoplasm, nucleus .with 
nucleus. This union is known fertilization (Fig. 12). 

From the fertilized egg, by a series of cell divisions and changes of 
shape, a new individual is produced. 




A B 

1 u;. 1 1 .— T.N'picnl gorin colls. A, ogg of starfisli inagiiifiod X 500; B, spermatozoon of 

rabbit magnified X 4000. 


What Is an Egg? — Since in some forms of asexual reproduction the 


new individual starts from a 


single cell, a spore, it is important to know 


the distinguishing marks of germ cells in sexual reproduction. The 
spermatozoa would never be mistaken, for they have a peculiar form 
not imitated by any other kind of cell, though that is not their real 


distinction. The eggs, however, have a shape that many other cells 
take. Hence, concerning them the question may often arise whether 


they are eggs, and if so, whnt makes them such. 

The crucial feature of both egg and sperm in animals is that the 


cell has undergone a process known as meiosis or inatnration. In 
typical meiosis the cell experiences two rapidly succeeding divisions. 
The two cells produced at each division are very unequal in size in the 
case of eggs, one being very small. jMaturation of an egg is represented 
along with fertilization in Fig. 12. In *4 of that figure, one of the two 
divisions has taken place, the small cell being shown at the top. In B, 
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l>oth divisions have been eo!n])let(Hl, and there are two small cells at 
the top. 



Fuj. 12.- FtM-tllizution of aii e^rc- . entrance of ^pernKll f)zoon at lower left ; H. t lie 
ejtK nucleus and sj>eiin nucleu.s approach one anothcj-; C\ the t%s<) nur lci are sifle !)>■ si<le; 
I), tlie nuclei have niertJO<l. and thi*ir chromatin is bcdnc resolve*! into chiomo.'ioines 
preparatory to the first division of the fertilized eirff. Tlie fimircs a!>o represent meiosis 


oi' maturation; at tlu* toj> are the two small e-olls i>t()ducc<l in tin* two meiotic rli\isions. 


In the course of these meiotic divisions the number of chromosomt's 
is reduced to half. Th(‘ final ej*:g or spermatozoon has only one chro- 
mosome from each set of chromosome twins, d'his is an e.xceedin^lv 



Fio. m. — DiaKiammutic section throuph a flower; a, anther; c, eKR;/,i 7 ., embryo sac; 
a. stigma. The white channel down from the stitima i.s a pollen tube. One male nucleus 
is the dark body at the right of the egg; the other male nucleus is at the right of two 
other nuclei in the middle of the embryo sac. {Front Sinnott and Dunn, Principles of 
Genetics.) 


important teature of a true germ cell. How the chromosome number 
comes to be thus reduced is described more fully in a later chapter. 

Biparental Reproduction in Higher Plants. — In flowering plants the 
male and female germ cells are often produced on the same plant, com- 
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monly in the same flower. Such a flower is diagrammatically repre- 
sented in Fig. 13. The egg is one of eight cells forming an ellipsoidal 
mass (the embryo sac, each cell of which has only the reduced 
number of chromosomes. That is, what coiTesponds to meiosis occurs 
early, and the reduced cell then divides until eight cells are formed, one 
of them being the egg (c). 

The male cells in flowering plants are produced in the anthers (a). 
The entire pollen grain is composed of cells which have the reduced 
number of chromosomes. Two of these reduced cells are male cells. 
To function in reproduction, the pollen must fall on the stigma (s) of 
some flower and develop a tube (Fig. 14) down through the stigma, 



Fig. 14. — Growth of pollen tubes. Left, pollen germination on artificial medium. 
Hight, tip of one pollen tube, with tube nucleus (lightly shaded) followed by the two 
male nuclei. {Courtesy of General Biological Supply House.) 


style, and other tissues until it reaches the egg. The two male cells 
pass down this tube, usually near its growing tip. One of them ferti- 
lizes the egg, and from the combined cell an embryo develops. The 
other male cell unites with usually two other cells near the egg (in the 
middle of the embryo sac), and the triple product forms the endosperm 
or nutritive part of the seed. These two fertilizations are in progress 
in Fig. 13. When the seed germinates, the embryo feeds on the endo- 
sperm until it can begin to secure its nutrition from the air and soil. 

Biparental Reproduction in Protozoa. — With this outline of sexual 
reproduction in the more complex animals and plants in mind, it will 
be possible to understand the corresponding processes in unicellular 
organisms more readily. Paramecium must suffice as an example of 
sexual reproduction in the protozoa; most of these simple animals 
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probably employ this method along witli the asexual one already 
described. 

The really sexual part of this reproduction consists of conjugation. 


in ^vhich two paramecia come together side by side (Fig. 15). These 


two individuals are alike, that is, they are liot distinguishable as male 


and female. Of the internal events, onl}^ those 
concerning the small nucleus are of impor- 
tance. This nucleus divides several times, part 
of the process resemliling the two di\isions 
which constitute meiosis in higher animals, 
including a degeneration of some of the nuclei 
until only two of them are left. The two sm- 
viving niiclei arc slightly dilforent (Fig. J5j, 
and one may be regarded as male, the other as 
female. The male nucleus of each indi\ idual 
creeps through the now nearly fluid walls of 
the animals into the other individual and there 
fuses with the female nucleus. 

By the repeated division of this coml)ina- 
tion nucleus and the division of the body as a 
whole, offspring are produced which descend 
from both of the conjugating paramecia. 

Variation in Relation to Sexual Reproduc- 
tion. — As was indicated earlier in this chapter, 
typical sexual reproduction leads to differences 
among the offspring and differences between 
them and their parents. This is true wherever 
such reproduction occurs, whether in complex 
animals, flowering plants, protozoa, or any other 
organisms. 



J'lG. 15. — ('oiijvigation 
in ParanKM-iiim. The 
•spindle-shaped (male) 
small nucleus just l)eIow 
the middle of each indivi- 
dual miprates into the 
other animal and fuses 
with tlie pear-sliaped 
(female) small nucleus 
there. From the com- 
bination nucleus the 
nuclei of sul)se<iuent gen- 
erations are derived. 


The reason for this variability lies in the events of meiosis. The 
germ cells when mature have only half of the chromosomes of the 
individual that produces the germ cells. In making up this half 
group of chromosomes, one member is drawn from each of the pairs 
of homologous chromosomes. Now, if the paired chromosomes were 
identical in their composition, the reduction in the number of chromo- 
somes by this very regular selective method would not result in varia- 
bility. All germ cells of one individual would be alike. But the 
chromosomes need not be identical. In animals they are very seldom 
entirely alike, and in plants they are often different in some respect. 
Homologous chromosomes are similar but not usually identical. 
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Under these circumstances, drawing one chromosome of each pair 
for inclusion in a germ cell gives room for much variation in the various 
cells. The nature of a germ cell depends on which of the two chromo- 
somes it has received from each pair. Differences among the germ 
cells lead to differences among the offspring and to differences between 
offspring and parent. 

Parthenogenesis. — In some animals and plants an egg may develop 
into a new individual without having first been fertilized by a sperma- 
tozoon. Such development is known as 'parthenogenesis. Several 



Kig. 1G. — Partlioiiogcnctic animals. A. a rotifer; B, an aphis or plant louse; C, a 
crustacean, suspended fiom the .surfa<*e film of water, and showing several partheno- 
genctic eggs in the biood chamber below. (A from Harring, Canadian Arctic Expedi^ 
fion; H from Trc6saT. V. S. Department of Agriculture; C after Storch in Schulze's Biologic 
iter Tierc Dcittschlnnds.) 

groups of animals employ this method as their principal mode of 
reproduction (Fig. 10), and in some species it is the only method known. 
Offspring produced in this way have only one parent, as do offspring 
produced asexually, so that many decades ago, when the nature of the 
process was not understood, animals now known to be parthenogenetic 
were said to reproduce asexually.' However, the parent which repro- 
duces parthenogenetically has a structure similar to that of typical 
females in related species, and the cell which develops into a new 
individual has undergone a process similar to if not identical with 
typical maturation. Consequently, the parent is regarded as a female, 
her reproductive cell as an egg, and the mode of reproduction as se.xual 
even though uniparental. 
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Variation in Relation to Parthenogenesis. — Whether ])arth(‘no- 
genosis results in different kinds of offspring from the same parcait 
depends on the type of maturation that the egg has experienced. If 
the maturati(jn is typical, in that it involves two cell divisions and the 
number of chromosomes is rediUM'd to half, tin' eggs should be of various 







17. nevflopmptit of the .starfi.>xh. First figure, iininaturo and unfertilized luit 
fully crown ecu fprimary oi'x-ylo); second, maturation stace, showinc polar body; next 
five, successive cleavsice stages; eighth, blastula; ninth, beginning of gastrulation. 
{('ourtcaij of General liiologicnl Supply House.) 


kinds, and the individuals produced from them should differ among 
themselves, much as in biparcntal reproduction. The eggs of the 
honeybee, ants, wasps, and many other similar insects undergo this 
typical maturation and display the expected variability. 

In some other animals, including all those in Fig. 16, however, the 
egg is produced as a result of only one maturation division, and the 
chromosomes are not reduced. There is no choice, therefore, among 
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the chromosomes when the egg is constituted. Each egg receives a 
duplicate sample of every chromosome that the female herself possesses. 
The offspring derived from such an egg is genetically identical with 
the parent, and consequently identical with all other offspring of the 
same parent. Breeding tests in such parthenogenetic species have 
generally shown that the individuals of one strain are all alike. Hered- 
ity in animals of this latter parthenogenetic type is largely ignored in 
this book, since man and most of his economic animals and plants 
reproduce by the typical sexual method, which entails variability. 

Development of New Individuals. — When an egg is fertilized, the 
production of a new individual has just begun. The fertilized egg 
divides into two cells, these two by simultaneous divisions into four, 
and so on by repeated divisions until hundreds of cells are produced 
(Fig. 17). The details of this cleavage vary in different species, 
depending on the amount of stored food the egg contains, on how 
closely the cells cling to one another, and on other things. Always, 
however, it leads to the formation of a hollow ball of cells, the hlastula 
(Fig. 17). 

The single layer of cells around the hollow of the blastula then 
becomes a double layer, typically by an indentation of the cells on one 
side. In many of the simpler animals this inturning is like that in 
Fig. 18, Ay the result being a two-layered structure {B). The outer 
layer is the ectoderm, the inner one the endoderm, the whole structure 
the gastrula. Another layer of cells is soon formed between these two. 

Organ Formation. — From each of these layers certain organs or 
tissues are tj'^pically formed. Nearly always there is a folding or 
protrusion of the layer, either inward or outward, usually a branching 
of the fold or pouch, and an infiltration of cells from one of the other 
layers among the branches. With great regularity the development 
of an organ occurs at the same spot, and in the same manner, in all 
individuals. The liver of a vertebrate animal starts as a protrusion 
of the wall of the digestive tract just behind the stomach, the nervous 
system as a pair of ridges over the back, and the ears as pits sunk in 
from the outside in the head region. All these organs are inherited, 
and somehow the course of development is guided in a rather fixed 
way from beginning to end. The complexitj'' of the changes in the 
embryo indicates a rather elaborate S 3 '^stem of controls. 

The feature of all this process that is of most concern to the student 
of heredity is what may be called organic determination. AVhat causes 
one part of an organism to become one thing, another part something 
else? Ultimately, the heredity units or genes must be responsible, 
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since one egg becomes a starfish, another a snail, in the same sea water. 
There is, however, a long interval between the egg and those characters, 
mostly in the adult, whose ditfercnces in ditt'erent individuals reveal 
differences in the heredity units. AVhat happens in this interval, to 
lead so faithfidly to a given end result? Onl^^ a few parts of the 
answer to this (piestion are known. 


A B 

Fui. 18. — Gu.strulation in ampliioxiis; two stjxKos, early (.1) and late (7^). ec, octodc‘rin; 

Ui, eiidodcrin. 




Cytoplasmic Influence. — C'leavage of the egg follows a pattern that 
is frequently different in different species. The spindles of the divid- 
ing cells take certain positions in the cells so that the two cells resulting 
from the division have a fixed spatial relation to one another. It is 
possible, in such early blastulas, to say which cells were produced by 
one division, even when the division has not been observed. Lines of 
cell descent have been mapped in a number of such organisms. 

When two species having different patterns of cleavage arc crossed, 
the fertilized egg follows the pattern which it would have followed had 
it been fertilized by a sperm of the same species. That is, the type of 
cleavage is determined by the cytoplasm, practically all of which comes 
from the mother. This one-sided influence is lost before the hybrid 
begins to produce eggs, one generation later, for by that time the endo- 
plasm has been modified under the influence of the genes from both 
parents. 


Symmetry. — Among higher animals the body usually possesses a 
bilateral symmetry, in that one half of it is a mirror reflection of the 
other. What determines the position of the plane between these 
halves? The egg often is spherical and has at the outset no observable 
symmetry to which the future body could be related. In some frogs, 
the plane of symmetry usually coincides with the first cleavage planed 
that is, the plane between the first two cells derived from the egg. This 
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plane passes through the two so-called poles of the egg, and in some 
frogs through the point of entrance of the spermatozoon which fertilizes 
it. In many other animals, however, there is no known relation of 
symmetry to cleavage. 

Organizers. — The exactitude of cell division, ^Wth its duplication 

of the genes in the chromosomes, leads to the assumption that all the 

cells of an individual are genetically alike. Why, then, do some of 

them produce a nervous system, some a gill, some a heart, etc.? In 

general, it appears that the position of the cells in the whole embryo 

has an important influence on their fate. If their position is changed, 

their destiny may be altered. For example, if two patches of cells in 

the ectoderm of a salamander embryo, one from an area which would 

normally torm part ot the gills, the other from the place where a nervous 

system develops, are removed and each is inserted in the place of the 

other, the cells which woukl ordinarily become gill tissue become 

nervous system, and those which would naturally be nervous system 

become gill. Something about the place occupied by the cells helps 

decide what thev shall be. 

% 

The ner\'ous system is caused to develop by the cells of the meso- 
derm beneath. If some of these mesoderm cells are taken out and 
inserted beneath the ectoderm atsome place alongthe side of the body, 
an extra nervous system develops in the ectoderm over them. This 
influence ot the mesoderm is exerted by some substance which the 
mesoderm cells contain. The mesoderm cells did not always possess 
this substance; they must have developed it, perhaps under the influ- 
ence ot some other cells, at an earlier stage. The substances that exert 
such influences have been called organizers. It is likel3’' that much of 
embryonic development depends on them for guidance. 

Time of Determination. — It is clear, from the account of organizers 
just given, that the fate of different parts of an individual is fixed at 
different times. There is perhaps not just one time at which an organ 
or tissue has its destiny settled, since in the chain of events leading up 
to its formation one agent may modify it at an early stage, another 
agent at a later stage. Nevertheless, taking into account the influences 
that are normally exerted, some organs pass the stage at which modifi- 
cation is possible earlier than other organs pass that point. That is, 
some structures are “determined” earlier than others. In moths, for 
example, the reproductive system is determined early, the antennae 
late. 

When the influences that bear on development, be they external 
ones like temperature or internal ones like the organizers, change at a 
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particular time of (levelopment, they are able to influence those struc- 
tures whose nature has not yet been fixed, but they are too late to 
modify those paits whicl) have l>een determined before that tinn*. 
Thus the mere tinu' at which somethinji; liappiais has an iinportant. 
consecpienee in dirc'ctinji the course ol developin(*nt. 1 hjs tinu* ot 
occurrence of an event dc'peuds, in turn, on tlu* i-at(‘ of de\'(T)pnuMit of 
something Uaiding uj) to it. Rate's of (h've'Iopment may be differe'nl 
at dilYerent sttigc's, and tlie same agency (t(‘m]»'ratur<‘. for (‘xamj)le) 
may modify the rates of ilev(‘lopn\(‘nt of difterent organs umajually. 
'This uneepial eiYect e)n rates of dev('loi)ment is no doubt one' of tlu' 
mechanisms 1)V which enviror\ment influence's eunbr.N'oge'nv. 

Autonomy in Development.— To wliat e'xtemt cells in an eunbryo or 
other immature indi\ idual deve'lop \inde‘r tlie guidance' of some'thing 
which they themselves contain (tlu'ir ge*ne‘s, for examj)le) anel liow 
much they are influe'iu-e'd by other ce-lls around the'rn, e)r by body fiuieU 
whe)se nature may be determined by many ])arts of the oj-ganism, has 
been e)ne e)f the fundamental pro))lems of embryology'. In ve'rte'brate 
animals there is a great deal e)f mutual infhu'nce' of j)art uj)on part, 
thre)ugh the agemey e)f chemical substaru'es whiedi are carrie'd about b\' 
the ble)od or which diffuse from cell to cell. In insects, on the contrary, 
there is usually a considerable degree of autonomy; that is, c('ils or 
groups of cells become what the genes in them determine. The \'inegar 
fly Drosophila illu.strates this feature adinira))ly. If the rudimc'nt of an 
eye which would be brown in the adult is introduced into a lar\'a whose 
eyes are to be red, the transplanted eye still becomes brown. Twenty 
other eye colors are similarly autonomous. Two exceptions are the 
colors cinnabar and vermilion; eyes scheduled to develop these colors 
are modified if transplanted into wild-type larvae whose eyes become 
rod. 


Genetic Identity of All Cells in Individuals. — Although as suggested 

earlier the manner in which cells divide leads one to conclude that all 

cells in one individual contain identical genes, and most biologists have 

so concluded, there remains a possibility that some mutation of genes 

occurs as a part of embryonic development. One competent geneticist 

has pointed out a situation in which such developmental mutation 

would provide a simple explanation of observed phenomena. Wright 

has suggested that certain spotted color patterns in mammals are due 

to the change or mutation of pigment genes at definite places in the 

body, after a regular scheme and in response to some physiological 
gradient. 

Oiadients are known in (levelopment, a very widespread one being 
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the anteroposterior graduation of time or rate of development. In 
many animals development starts earlier at the anterior end than at 
levels farther back. The embryo of a vertebrate animal produces its 
first muscle segments well forward, while new segments are added 
successively behind them. A crayfish embryo develops its front 
appendages earlier than its posterior ones; and, at any given stage until 
their development is complete, the front ones are more advanced than 
the posterior ones. Some other gradients are known, and they are 
probably cpiitc common. Even if such gradients do not induce muta- 
tion, they may exert an influence of a nongenetic sort on development, 
which would be on a par with organizers in general. 

Convergence of Genetics and Embryology, — The preceding sections 
probably contain as much as can profitably be said concerning develop- 
mental determination in advance of a full presentation of the mechan- 
ism of heredity. The examples used will serve to illustrate the types 
of problems with which the embryologist is confronted. It should be 
evident that the experimental embryologist, with transplantation as a 
tool, and the geneticist, using now the same method but with a more 
minutely analyzed background of comparison, are converging upon the 
answer to the same question: What makes organisms what they are? 

PROBLEMS 

10. Under what circumstances docs a parent disappear when it reproduces? 

11. In animals, liow docs the parental contribution to its offspring in asexual 
reproduction compare in size with the corresponding contribution in sexual repro- 
duction? Make tlie same comparison for plants, insofar as you know their cycles. 

12. Why are not two conjugating paramecia referred to as male and female? 

13. What do j'ou suppose is the nature of the influence exerted by organizers in 
development? 

14. If variable temperature were shown to produce irregularity of development 
in some animal, how could you explain that result? 

16. In what sense arc the aims of geneticists and embryologists identical? 

16. Experiments show that in general fathers contribute as much to their 
offspring as mothers do. What conclusion could you draw from this fact regarding 
the “heredity substance”? 
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Heredity is governed by a considerable number of minute bodies, 
the genes. These bodies are probably protein substances, ami may be 
either single molecules or small groups of them. Tiiey are contained 
in the chromosomes, being placed in a single row from end to end of 
these structures. Though two or more identical genes may occur in 
the same chromosome, the genes of one chromosome are mostly different 
from one another. 


Identity of the Genes. — Most of the things just said concerning 
genes were earlier said of the nodules or chromomeres of which the 
chromosomes are in part composed. To what extent the genes may be 
identified with the chromomeres is uncertain. Some cytologists, work- 
ing with cells in which the chromomeres are small and very numerous, 
have not hesitated to assume that the visible knots are the genes. In 
most cells, however, there are not enough of the little pellets to permit 
this assumption. In the vinegar fly Drosophila, which has furnished 
more of our knowledge of heredity than any other organism, calcula- 
tions of several sorts indicate the total number of genes to be from 1800 
to 14,000 in a mature germ cell. Probably other organisms of similar 
complexity have comparable numbers of them. In very few animals 
or plants, however, can anything like even 1800 chromomeres be 
detected in the chromosomes of a mature egg or spermatozoon. 
Whether the chromomeres are aggregates of genes or whether only a 
few of the genes are visible and hosts of others are beyond the limits of 
visibility cannot now be stated. 

In one tissue of Drosophila, however, the chromosomes are greatly 
enlarged, and in these it is possible that the genes are actually being 
seen. That tissue is the salivary gland. It has long been known that 
the chromatin of the salivary-gland cells of flies is in the form of heavy 
cords marked by crossbands. These ropelike strands were in appear- 
ance like great rolls of pennies. Partly spread out, they are shown in 
Fig. 19. It was hoped that the disks might give some clue to the 
organization and individuality of the chromatin, and Painter (1933, 
1934) found this to be true to a very remarkable degree. With a little 

33 



34 


HEREDITY 


stretching the salivary-gland chromosomes are from 100 to 150 times 
as long as the corresponding chromosomes in germ cells. They are 
likewise thicker, though this dimension is much less exaggerated. 
Some of the thickness appears to be due to a multiplication of the 
chromosomes, for each so-called chromosome shows signs of being com- 
posed of numerous strands closely joined to one another. 



Fig. 19. — Salivary-gland chromosomes of Drosophila. Entire group of chromo- 
somes attached to geneless granular material in the center. {Modified from Paintei', 
Journal of Heredity.) 

The disks that give the appearance of crossbands are very different 
in size and shape (Fig. 20). Some are heavy, some light, vith all sizes 
between; some appear to be continuous unbroken disks, others are 
divided into separate segments; some are solid, others hollow like very 
thin flasks. These identifiable disks are distributed along the chromo- 
.some according to a very definite pattern, and this pattern is the same, 



Fig. 20. — Correspondence of gene i>attern in homologous chromosomes. Portion 
of so-called second clirorno.^omes of Drosophila, joined together at left, sepai’ate at right. 
The two ijutterns are identical. 

for the corresponding chromosomes, in every cell of the gland. It is 
accordingl}'' possible, Avhen only a part of a chromosome is seen, to say 
to which chromosome it belongs and where in the length of that chro- 
mosome it is placed. 

The differences between these disks, and the definite pattern of their 
arrangement, are suggestive of the differences among genes and the 
pattern of their arrangement in chromosomes, as discovered not by 
observation but from breeding experiments. The correspondence 
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between disks and genes in these two respects raised the ciuestioii 
whether the disks may not be tiie genes. The answer to tliat question 
IS now being sought. liy X rays or by accident, tlie chromosomes can 
be broken and parts misplaced or omitted, and it is found that the mode 
of inheritance of certain characters is at tlie same time changed. To 
keep a safe record of such clianges. the map ol the chix)mosome group 
as a whole has been arbitrarily divided into a hundred sections, and 
each of these into six stibsections. In eacii subsection there aie usually 
several bands. Hy noting what inherited {‘haract(‘rs have Ix'cn affected 
by a given break of the chi-omosome, and ])articularly various 
breakages which affect the same character, it has been i)ossii)le io say 
that the g(*ne for forked bristle, for example, is in the band 15 F 1 — 
that is, the fifteenth section, sixth subsection, first band. Xotliing as 
yet forbids the assumption that the visil>Ie disks are, or contain, the 
genes, and that assumption may well W pi-ovisionally made. 

Genes in Homologous Chromosomes. — As has already been stated 
(page 10), the chromosomes of a cell aie of two similar sets. Each 
chromosome is matched by another one very much like it, that is, the 
chromosomes are twins. One chromosome of each pair came from the 
mother, the other from the father. 

The similarity of these chromosomes extends to their gem's. Simi- 
lar genes, arranged in identical i)attern, mark the homologous (page 
17) chromosomes. This similarity can readily Ix' seen in the salivary 
gland of Orosophila. Unlike those of most cells, the similar chromo- 
somes of this gland are united side by side. There appears to be in 
each cell only one chromosome of a kind, instead of two, but that is 
only becaiisc the like chromosomes are joined. In this uniting, the 
corresponding bands (genes?), being placed in the same order and 
the same distance apart, lie oppo.site one another. Now, so great is the 
similarity of the disks in the two chromosomes that each pair of disks 
makes a single unbroken band crossing both chromosomes. Only 
occasionally do the chromosomes fail to join firmly at some places in 
their length (Fig. 20), but at these places the similarity of the bands at 
the same level is still plainly visible. 


In other types of cells, it can often only be inferred that similar genes 
occupy the corresponding loci of the homologous chromosomes. In 
Fig. 7 there are similar chromomeres at the same levels, but what rela- 
tion these nodules bear to genes is uncertain. Nevertheless, there is a 
great body of evidence of an experimental sort, some of which is pre- 
sented in later chapters, from which the location of genes may be 
ascertained. The order of the genes and their distances from one 
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another may thus be learned; that is, maps of the chromosomes can be 
made, and hundreds of genes have been assigned their proper places in 
the chromosomes of Drosophila. Now, since the two homologous 
chromosomes of any pair can be traced separately in different lines of 
descent, it is possible to show that the chromosome maps of both the 
homologues are identical. And so, even if the genes cannot be observed, 
it may still be known that two tvdn chromosomes have similar genes 
placed at the same levels in their length, and that if these chromosomes 
were placed side by side as in the salivary glands similar genes would 
be opposite one another. 

Early Stages of Maturation in Animals. — Just such an apposition 
of the chromosomes side by side actually occurs in the germ cells of 
animals as they start the long process known as maturation or meiosis. 
Prior to the beginning of meiosis, the reproductive cells, spermatogonia 
in the male, oogonia in the female, multiply by repeated cell divisions 
of the ordinaiy duplicating type, AMien the animal reaches a given 
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Fig. 21. — Diagram of two homologous chromosomes, maternal and paternal, showing 
that similar genes are placed at the same level in the length of the chromosomes. 

stage, some of these cells cease to divide by ordinary division. These 
cells are now primary spermatoctjtes and primary oocytes^ in the respec- 
tive sexes. It is in these cells that the pairing of the chromosomes 
referred to above takes place. The homologous chromosomes, mater- 
nal and paternal, come together side by side in pairs. Though the 
genes cannot be recognized in them, genetic experiments clearly show 
that in this pairing the homologous genes are placed side by side 
(Fig. 21) throughout the length of the chromosomes. Whether it is 
mutual attraction of homologous genes that brings the chromosomes 
together is uncertain. 

While the chromosomes are pairing, the cells containing them grow 
in size — the primary spermatocytes moderately, the primary oocytes 
enormously as a rule. The upper four rows of cells in Fig. 22 represent, 
first, the multiplication of the cells, and then their growth and the 
pairing of the chromosomes. 

The Divisions in Meiosis. — The rest of maturation consists largely 
of two successive cell divisions, one following close upon the other. 
In one of these divisions the chromosomes are duplicated as in ordinary 
cell divisions; in the other division they are not duplicated, but some 
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go to one cell, some to the other. The division in which the chromo- 
somes are merely separated into two groups is known as the Tcduction 
di\dsion because the munber of chromosomes per cell is thereby 
reduced to half. The division in which the chromosomes are duplicated 
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Fig. 22. — Diagram of maturation or mciosiis of gorin colls in animals. The process 
begins with the third row of cells. Maternal chromosomes white, paternal black. AH 
chromosomes in the fertilized egg received from the mature egg are thereafter maternal, 
and those received from the spermatozoon are thereafter paternal, regardless of what 
they were in the mature germ cells. 


is called the equation division, referring to the equality of the cells 
produced. Ordinary cell division elsewhere is likewise equational. 

Which of these types of division occurs first is immaterial except in 
relation to very special genetic problems. Reduction very commonly 
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occurs in the first di\dsion, but there is no set rule; and a breakage 
of the chromosomes and recombination of their pieces, reduction may 
occur in the first division in part of the length of the chromosomes, but 
in the second division in the remainder of the same chromosomes. 

Reduction Division. — The diagram in Fig. 22 represents reduction 
as occurring first. The homologous chromosomes, having previously 
paired, now part company, one going to one cell, the other to the other 
cell. In this separation, the homologous genes are likewise separated, 
.lust as the daughter cells get only one chromosome of each pair, so do 
they get only one gene of each pair. The total number of chromosomes 
in each daughter cell is just half the number in the cell from which they 
are derived. This reduced number is called the haploid number, as 
contrasted with the original or diploid number. 

The several pairs of chromosomes are independent of one another 
in this separation, that is, the paternal members of two pairs may go 
to the same cell, or to different cells, in the reduction di\dsion. To 
which of the two cells a given chromosome goes is mostly a random 
matter. Consequently, various combinations of maternal and paternal 
chromosomes are found in th^ ^i^rent cells resulting from the reduc- 
tion division. In some such cells all the chromosomes are paternal, in 
some all arc maternal, and in others there are all conceivable combina- 
tions of maternal and paternal. Since each chromosome contains 
certain genes, the germ cells therefore contain all sorts of combinations 
of genes. 

In the male (Fig. 22, left), the first meiotic division produces two 
etjual cells, both functional, which are known as secondary spermato- 
cytes. In the female the division is very unequal, one daughter cell 
l)eing very large {secondary oocyte) ^ the other very small {polar body). 
Only the large cell in the female is functional; the polar body gradually 
disintegrates and disappears. 

Equation Division. — Each cell produced by the first maturation 
division, with the exception usually of the polar body, immediately 
prepares to divide again. If the first division was reductional for any 
cell or any pair of chromosomes, this one is equational. The chromo- 
somes are duplicated, and two cells genetically identical with one 
another and with the parent cell are produced by each division. 

These cells in the male are equal, and are called spermatids. From 
one primary spermatoeji^e come four spermatids. If the reduction 
division occurred first, tw^o of the spermatids are identical and the 
other tw'o identical but different from the first tw'o. In the female 
the division is again very unequal, the large cell being the mature egg^ 
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the small one another polar body. To distinsuish the polar bodi(‘s pro- 
duced by the two divisions, they are called first and second, respectiv('l>'. 
In a few animals, the hrst ]H)lar botly, though nonfunctional, divides 
equationally as does the secondary oocyte. This kind of animal, 
though unusual, is represented in Fig. 22 in ordca- to complete the <‘om- 
parison of moiosis in the female with that in the male. From om^ 
primary oocyte are derived, in such an animal, tour cells; l)ut onl\' one 
of the four, the egg, ever functions further. 

The spermatids change shape to produce the mature spennatozoo, 
and maturation is finished. 

Summary of Meiosis. — The features (jf meiosis which are of greatest 
significance in heredity are the following; (,1 i the pairing of tlu‘ homo- 
logous maternal and paternal chroniosonu's; (2j tlu* se]>arati()i\ of th€*se 
paired chromosomes and their passage' to dilteix'nt c<*lls in the reduction 
division; (3) the con.sequent sei)aration of the ge'iu's of each pair to 
different germ cells; (4) the indej)endence of the several pairs of chrej- 
mosomes in this separation; (5) the resultant asseml,)ling of various 
combinations of maternal and patern^^r‘hromosomes in the different 
mature germ cells; (0) the variety or I'fflhibinations of ge'nes thus pro- 
duced in the different germ cells; and (7) the r(‘duction of the number 
of chromosomes in the mature germ cells to half that found in the 
reprod\ictive cells before maturation. l*>ach of these features has 
important consetiuences to which attention must be called in later 
chapters. 

Fertilization. — In most animals employing sexual reproduction, an 
egg must be fertilized before it can develop into a new individual. In 
this process a spermatozoon enters the egg either after the maturation 
is completed or at some earlier time during the maturation jjrocess. 
Eventually the nucleus of the spermatozoon approaches that of tlu* 
egg until they are side by side. As the fertilized egg prepares for 
cleavage, the membranes of the two nuclei dissolve away, leaving the 
chromosomes of both parents free to enter the spindle of the dividing 
cell. 

The designations maternal and paternal as applied to the chromo- 
somes frequently change at this point. When an egg is fertilized, a 
new individual is started. The chromosomes in the fertilized egg must 
therefore be labeled with reference to the parents which contributed 
to it. In Fig. 22, though the egg is represented as containing one 
maternal and two paternal chromosomes, these are all maternal in the 
fertilized egg and are so represented in the illustration. The chromo- 
somes in the spermatozoon are two maternal and one paternal ; but in 
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the fertilized egg they are all paternal. The descendants of these 
chromosomes retain their new designations throughout the new indi- 
vidual, including its mature germ cell; but, in the long run, half of the 
chromosomes will change names again when these germ cells participate 



in fertilization and the formation of new 
individuals in the next generation. 

Reduction in Flowering Plants. — The 
change from the diploid to the haploid chro- 
mosome number occurs somewhat earlier in 
flowering plants than in animals. In the bud 
sho^\'n in Fig. 23, the dotted portion in the 
middle consists of the ovule, including the 
future seed coats. In the midst of the ovule 
is a single cell from which the egg is later 
derived. This cell is diploid; but, when it is 
twice divided to form a row of four cells (Fig. 
23, B)j each of these cells is haploid. Reduc- 
tion ^|4||hkcn place in one of the two divi- 
siond^^Wr the available evidence indicates 


duction in a flowering 
plant. A, bud; dotted 
ovule at center contains 


that it is usually the first division. 

Three of these four haploid cells degener- 


singlc reproductive cell, 
which is diploid. B, sin- 
gle cell has divided into 
four, which are haploid. 
C, upper one of these four 
grownng and dividing to 
produce embryo sac, other 
three degenerating. (A 
from Sinnott, Botany: Prin- 
ciples and Problems.) 


ate (Fig. 23, C), while the fourth divides three 
times to form the eight cells of the embryo 
sac (Fig. 13, f.g.). All of these eight cells are 
haploid. One of them is the egg, as was 
earlier indicated (page 24). There is thus a 
series of three or four cell divisions following 
reduction before the egg is finally formed, as 


compared with only one division, or none at all, after reduction in 


animals. 

Reduction is similarly early for the male cells of plants. The cells 
of the last diploid generation in the anthers divide into four cells which 
are haploid. Reduction appears to occur usually in the first of the 
two divisions which produce these four cells. Each of the four haploid 
cells then proceeds to form a pollen grain, by dividing into two cells, 
both haploid, only one of which has a reproductive function. As the 
pollen grain germinates and grows do^vn the style of the female parts 
of a flower (Fig. 13), the reproductive nucleus, which lags behind the 
nonreproductive one (Fig. 24), divides into two. One of these two 
fertilizes the egg, the other unites vdth two nuclei near the egg to form 
the endosperm nucleus, as explained before (page 24). In the male 
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ceils, therefore, there are two or three divisions Ix'tweou redvudion and 
the final completion of the reproductive nucl(M. 

Reduction in Mosses.- In some of the lower plants, such as ferns, 
mosses, and liverworts, there is a much longer interval between reduc- 
tion and the production of germ cells. The moss cycle will serve to 
illilstrate. A moss spore (Fig. 25, a), falling to the moist soil, germi- 
nates to produce a branching chain of cells. From some of these cells 
a moss plant, called the cjametophytc (h), develops. At the top of the 
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Fio. 24. — Pollen grain, germinating. The j)«»llen-tiil>e nucleus is at tiie tip of the 
growing tube. Behind it is the generative nucleus, whicli later divides into two. {From 
SinnoU, Botany: Principles and Problems.) 

Tig. 25. — Diagram of life cycle of a mo.ss. a. spore; h, gumetophyte. or mo.ss plant; 
c, sporophyte. The spore and gametophyte have half as many chromosomes per cell 
as does the sporophyte. {After Bclar in Handbuch der Vtrerbunuswissenscka/t.) 


gametophyte the germ cells, male and female, are produced. All the 
cells so far mentioned, from spore to germ cells, are haploid. 

The egg is then fertilized, and from the fertilized egg develops a 
club-shaped structure, called the sporophyte (c). This structure is 
diploid, as was the fertilized egg from which it came. But when the 
sporophyte produces spores, to repeat the cycle, these spores are 
haploid again. One of the last two divisions by which the spores are 
produced is a reduction division. Not until the moss plant (gameto- 
phyte) is mature, however, are germ cells again produced. In the 
mosses, therefore, many thousands of haploid cells are produced after 
reduction and before the germ cells are formed. 
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Reductional Nondisjunction. — As an exceptional occurrence, sepa- 
ration of a maternal chromosome from its paternal homologue may not 
take place. Both chromosomes then go to one cell, while the other cell 
receives no chromosome of that pair. This nondisjunction is com- 
parable to that of two duplicate chromosomes in ordinary cell division 
(page 18); but since maternal and paternal chromosomes may notfbe 
exactly alike, the consequences of reductional nondisjunction are some- 
what (lilferent. 


PROBLEMS 

17. How would a scric's of overlapping: breaks in tl\e rhroinosonios of Drosophila 
locate a Kiven p;one in a certain band of the salivary-gland chromosomes? 

18. If the spermatids produced by ai\ animal contain 24 cliromosomes, what is 
the liaploid number of chromosomes? Tlie diploid number? When does reduc- 
tion oc(air if the secondary spermatocytes contain 24? 

19. With how many of the other chromosomes in a primary oocyte does a given 
cliromosome have any chance of pairing in maturation? 

20. The maternal chromosomes in a male animal are likewise maternal i>i his 
cluldrcn. True, or false? 

21. Of 22 chromosomes in a ma^^^egg, what is the maximum number which 
may be maternal? 

22. C’ompare the length of thc^^doid phase of the cycle of a mo.ss w’ith that of 
the haploid phase in animals. 

23. How many eggs are produced from 17 primary oocj^es? llow’ many 
spermatozoa from 17 j)rimary spermatocytes? 

24. Under what circumstances woidd a second polar body contain exactly the 
same kinds of genes, and the same number of them, as the first polar body? 

26. Which of tliese kinds of cells mav occasionallv contain onlv maternal 
chromosomes: mature egg, muscle cell, .secondary' spermatocyte, first polar body, 
primary oocyte, spermatid, a haploid cell, a diploid cell? 

26. What disadvantages would a species suffer if its sexual reproduction were 
not accompanied by reduction division? 

27. If the leaf cells of a plant contain 22 chromosomes, how many chromosomes 
are in the endosperm nuclei of the seed? 

28. What would you need to know to compute the fraction of the germ cells of 
an animal that would contain only maternal chromosomes? How would you make 
the computation when that information is birnislied? 

29. What are the differences, and the similarities, between eggs and sperma- 
tozoa ill their maturation? 
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The relation (jf genes to ehroinosoines was gradually tiiseovered 
while knowledge ot ehroinosoines aeeuinulati'd. K.iu)\\ U'dge ot chro- 
mosomes and understaiuling of her(‘di1>' ad\'ane(al logetlua-. Some- 
times a new discovery r(‘garding chromosonu's sugg(*sted a new leaturc* 
of inheritance that was later contirm(‘<L Alori' often some ri'sult ol a 
breialing experiment, demonstrating a new ridatioii in heredity, indi- 
cated a novel aspect oi chromosomes that was tla'ii found to 1)(‘ real. 
The latter order has been the common one with rc‘spect to tin* tiiu'r 
details of the genetic nna-hanism. Most of what is known ri'garding 
the order of genes in the chromosoiu^ti^their distances ai)art, and the 
accurate side-by-side pairing of the geiu% as the chromosomes pair in 
meiosis was meridv infernal from the manner in which characters w(‘r(‘ 
inherited in crosses. Such observational confirmation of tlu'se details 
of architecture as is found in the salivary-gland chromosomes of 
Drosophila came very latc' — long aft(‘r the general scheme of gem* 
arrangement had been thoroughly established. 

Hybridization the Source of Knowledge of Heredity. — The mechan- 
ism of heredity has been described in tei ins which may have seeim'd to 
imply that the details of chromosome structuie could be seen. It is 
only in such remarkable cells as those of the salivary glands of flies, 
however, that many details are actuallv visible: and even in these 
giant chromosomes the real meaning of the elements must be deter- 
mined from crosses between different kinds of individuals. Crosses are 
effected between individuals differing in some character or characters, 
the offspring in one or more succeeding generations are found to display 
certain qualities or combinations of (lualitics in certain numbers of 
individuals, and then a logical scheme is devised to account for the 
observed results. AVhen large numbers of crosses lead to the same 
scheme, differing in details which are comprehensible but agreeing in 
the fundamental plan, that scheme stands demonstrated as the mechan- 
ism of heredity. 

Simplest Monohybrids. — the simplest sort of experiment is one in 
which two organisms differing in just one respect are crossed and in 
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which the genes contained in any individual can be known, once the 
scheme is understood, from a mere visual inspection of that individual. 
The garden flower known as the snapdragon furnishes an example of 
this simple sort in the red, ivory, and pink colors of its flowers. 

A red-flowered snapdragon breeds true, that is, if it is self-fertilized, 
its offspring are all red-flowered. Ivory-flowered plants likewise breed 




Fig. 26. — Cross between a red snapdragon (represented dark) and an ivory snap- 
dragon (shown white). The offspring (Fi) are intermediate in color, that is, pink. 
The Fs generation produced by self-pollinating a pink Fi flower consists of red, pink, 
and ivory flowers in the ratio indicated by the illustrations. 


true. Now, when these two types are crossed, seeds are produced 
which develop into offspring with pink flowers (Fig. 26), The color is 
intermediate between the colors of the parents, and all the offspring 
are alike in this respect. These pink plants are known as the Fj genera- 
tion, abbreviated from first filial. 

Now, if a pink-flowered plant of the Fi generation is self -fertilized 
or if two pink ones are crossed, the seeds thus produced give rise to an 
Fa (second filial) generation which consists of three kinds of plants. 
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About I4 of the F2 plants hav(‘ rod flowors, abont ol thoni uro j)iiik, 
and }% are ivory (,1'ig. 2(')l. 

By self-lortilizins any oi tlu' V 2 j)lants an T 3 ‘feneration is obtained ; 
but the nature of tlie F3 plants depends on whieli of the three types ot 
F2 plants was self-pollinat('d to i)roduce them. A red-flowered plant 
>nelds F3 that are all red : an ivory F.> produces only ivory; while a pink 
F2 gives three kinds (jf oilspring in 1 ' 3, '1. rt'd, ^9 pink, *4 ivory. 

Explanation of Color Inheritance in Snapdragons. — The very 
regular numerical I’esults just (h'scrilxMl have a simple explanation in 
the random distribution and recombination of the clirom(_)Som(‘s and 
genes. The red aivd the ivory iflaiits differ with respect to the genes 
of only one ])air; all other pairs (»f gtau'S ar(‘ alike in the two plants. 
These cador geiu's. it must lx* assumed, are in the homologous chromo- 
somes of one pair in the two jjlants (i'ig. 27 ). 4 h(' dilterentiating 

genes in the ivory jdanl may be syml)olized by the letter i, those in 
the red plant \)y I . 

At some time prior to the formation of the germ c(‘lls, as explained 
in the preceding chai)ter. the reduction divisi(jn separates the chromo- 
somes of the pair that contains / or f, so that each cell has only one of 
those chromosoiiK's. The eggs of the n'd-flowered plant all contain 
the gene /, the polhm grains of the ivory plant all contain the gene i, 
^^dlen the egg is fertilized by one of the generative nuclei of the pollen, 
the seed containing the fertiliztxl egg prodiices a plant having in each 
cell one cliromosome with / and the other chromosome of this pair 
with i. The combined action of / and f, along with the many other 
genes in the plant, causes the flowers to 1)0 pink. 

AVheii the Fi pink-flowered plants produce their germ cells, two 
kinds of eggs and two kinds of pollen are formed. Sometimes the 
reduction division in the female cells occurs in such a way that the 
surviving upper one of the four cells (Fig. 23 , C) contains the maternal 
chromosome and its gene /, and from this cell is developed the embr}^ 
sac, including an egg. In other instances the reduction division carries 
the paternal chromosome and its gene i to the surviving upper cell, 
which then proceeds to produce an embryo sac containing an egg. 
Since the reduction division is just as likely to carry the one chromo- 
some as the other to this surviving upper cell, the two kinds of eggs I 
and i should be about ecpially numerous. 

The male reproductive cells in the anthers behave in essentially the 
same way as do the female cells, except that all cells survive. After 
the reduction division, there is one cell containing the maternal chro- 
mosome with /, another cell containing the paternal chromosome with 
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i. The descendants of these cells produce pollen, which therefore is 
of two kinds, I and i, each kind exactly as abundant as the other. 
Figure 27 shows the two kinds of eggs and two kinds of pollen. 



Fig. 27. — Diagram representing inheritance of color in snapdragons. Black border, 
red flowers; dotted border, pink; white border, ivory. Large circles, eggs; smaller circles, 
pollen cells. Hea\'y lines, chromosomes; dots in the chromosomes, genes. I, gene for 
red; i, gene for ivory. 

Both kinds of pollen fall on the stigma, and their tubes grow down 
through the style and reach the two kinds of eggs at random. Four 
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combinations are possible, and, since they are ('ffocted at random, tli(‘y 
should be ecpially numerous. These lour combinaliijns //, /i, ?/, and 
it are sho^^n at tlie bottt>m t)f Ti^. 27. They produce red, pink, and 
ivory ])hints. Since the combinations Ji and il are in eitect identical, 
the pink-flowered plants are twice as nuinei'ous as either the re(t or the 

ivorv. 

% 

Terminology.- d'o relVr to the se\'erai kinds <jt individuals involved 
in the crosses tlescribed, vith resp(‘ct to their combinations of g(‘nes, 
certain terms are us(*l'ul. Any organism in which the two g(*nes of a 
given pair are alike (// or ii) is calUal a homozi/gofc. Om^ whose gcmes 
of any pair are different (//) is said to be a ftrU rozygotc. Th(‘ terms 
come f]-om the woi'd zygote, which nunins the combination produced by 
the union of two cells to form one cell in reproduction. A fert iliz(‘d egg 
is thus a zygot(‘. By an extension of meaning, indi\ idual animals (U’ 
plants which have developed fi-om fertilized (‘ggs are also calle<l 
zygotes, when it is desirc'd to distinguishing tluan from tluar germ cells, 
which are called gomctvH. Zygotes are diploid with r(‘sj)ect to th(*ir 
chromosomes and have two genes of <aich i)air, gametes ar(‘ hai)loid 
and have but one gene of each pair. 

Two other useful words relate to the distinction between the genes 
an organism possesses and its visible appearance or otlua* (qualities. 
The aggregate of genes in an animal or plant, or the gi-oup of genes 
under consideration, is called its genetic composition, or genotype, some- 
times simply its heredity formula. Its ob.ser\’al)le (pialities are, by 
contrast, called its phenotype. The phenotype of the Fi snapdragons 
in the foregoing experiment is pink; their genotype is li. 

Distinctive Feature of Simplest Heredity. The simplest operations 
of heredity must concern only one pair of ditferentiating genes. The 
additional feature of the snapdragon contrasts which makes them 
y)articularly simple is that there is only one genotype for each pheno- 
type. The pink-flowered plants are always of the genotype li, the 
red ones always II, and the ivory ones always ii. The genotype may 
be recognized by merely observing the quality of the individual. In 
many characters this is not true, as will be seen in the next chapter, for 
organisms of the same phenotype often have different genotypes. 

Other Examples. — A considerable number of other plants, and of 
animals, show this unequivocal correspondence between genotype and 
phenotype. In the weed shepherd’s-purse one variety has in the young 
or rosette stage a leaf whose main expanse is at the tip (Fig. 28, left). 
In another variety the blade of the leaf is broadly lobed (right). The 
hybrid produced when they are crossed has a leaf ^^'ith irregular but 
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rather narrow lobes (center). The leaves in various positions on the 
plant have dift’erent forms, but nearly every one in the heterozygote 
is unlike the corresponding leaf of cither homozygote. 

Roan color in Shorthorn cattle (Fig. 29) is an equally good example. 
This pattern consists of hairs of two colors, white and red, irregularly 
interspersed among one another. There may be patches of considerable 
size which are mostly red, other areas mostly white; but often there are 
only a few hairs of the same color together. The roan pattern appears 
only in heterozygotes. AVhite Shorthorns are homozygous {ww), red 



I'lo. 28. — Distinguishable heterozygote in shepherd’s-purse. Rosette leaves of parents 
left and right, their hybrid between. {Photograph by Professor G. H. Shull.) 

Shorthorns are likewise homozj^gous (IFIT). Their hybrid (TFic) is 
roan. 

Distinguishable Heterozygotes in Man. — In man, while it is prob- 
ably rather common for heterozygotes to be different from both homo- 
zygotes, not many simple examples are available. So many human 
characters are noticeably affected by several pairs of genes that the 
differentiating effect of a single pair is obscured. In the absence of 
controlled breeding experiments, such as are possible with other animals 
and with plants, it is difficult to isolate the consequences of a single pair 
of genes. Yet there are many indications that in the interactions of 
several pairs the effect of ^la is often different from that of either AA 
or aa. 

Not yet thoroughly established as a simple example of distinguish- 
able heterozygote is the condition known as brachyphalangy, in which 
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one segment of e;u*h fingtn’ oi‘ !<)(' is leduetMl, that is. in het(‘rozygot(‘s. 
\ ery few people homozygous lor tliis cliarael er are known, lull tii(‘ 
eonsecpieuee of honu)zygo>i> seiuiis to he (‘(jiisiderahlo ahnormalit\' ot 
the skeleton as a w!iol(‘. 'This eharaeter is discussed again among 
lethal ehara(‘ters in (’haj). 10. 

A possible additional (‘\amj)l(* of a human character in wliich ea<-h 
genotyp(‘ is recognizable from its plu‘notyp(‘ is the absetua* of tlu‘ 
lateral incisor t('eth in a family desciibed by K(‘(*t(‘r and Short, d'his 
character recuri(‘d in each g(‘neration, presumably mostly in hetero- 


Fici. 20. — A roan Shortljoni cow. The coat consists of rod hairs and white liaiis 
interspcr.sod. a condition found otdy in animals heterozygous for red and wliito. 'I'here 
are also blue roans, whicli arc licleroz\ gou.s for black and white. {From McPhvc and 
Wriyht, in Journal of lUrcdUy.) 

zygotes, since usually only one partmt of a family lacked the incisors. 
When, however, both parents lacktnl the two lateral teeth, their child 
lacked five te(*th. This cliild could have been a homozygote, and tlio 
fac,t that the cluu-acter was more marked in it suggests tliat being 
homozygous accentuated the abnormality. If homozygotes regularly 
have tliis Inaghtened expression of the character, as compared with 
helerozygotes, this is another instance of recognition of the genotype 
from the ])henotype. 

Certain substances in human blood are inherited in a way which, 
while different from that desci ibed in this chapter, nevertheless enables 
one to distinguish a heterozygote from both corresponding homo- 
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zygotes. The substances are known as agglutinogens and are located 
in the red cells of the blood. Two of these substances are alternative 
to one another in the sense that only one of them can be represented 
in any gamete. They are named A and B. A person homozygous 
for A develops only A, and one homozygous for B has only B; but a 
person heterozygous for the two possesses both of them. The presence 
of cither or both can be detected by laboratory tests. There is also 
another pair of agglutinogens named M and N, and their mode of 
inheritance is identical with that of A and B, in that one homozygote 
possesses j\I, the other homozygote has X, while the heterozygote has 
both M and N. In neither of these pairs of agglutinogens is the-hetero- 
zygote intermediate between the two homozygotes, as pink snapdragons 
are; it has instead a combination of the qualities of the homozygotes, 
and thus is readily recognizable. These agglutinogens are part of a 
somewhat more complicated system that is described further in Chap. 9. 

PROBLEMS 

30. Can a herd of roan cattle be made to brood true? AMiy? 

31. If the two kinds of eggs produced by a heterozygous female were not quite 
equally numerous, what events could explain the inequality? 

32. If the two kinds of spermatozoa produced by a heterozygous male were' not 
precisely equal in number, what could explain the disparity? 

33. If a florist wishes to guarantee that the seeds he sells will produce only pink 
snapdragons, how should he obtain the seed? 

34. If plant Cc is self-pollinatcd and produces 60 seeds, how many of these 
should yield plants having the same genotype as the parent? 

36. If a man having both agglutinogens A and B in his red cells marries a 
woman who likewise has both of them, what portion of their family should have 
only agglutinogen A? 

36. Does segregation of genes occur in homozygotes, or only in heterozygotes? 

37. Could the owner of a herd of white Shorthorn cattle, by borrowing a roan 
bull, establish a herd of red Shorthorns? How would he proceed? 

38. Blue Andalusian fowls are heterozygous for black and splashed-white 
genes. Would it be possible to establish a pure black flock by starting with a pair 
of blue Andalusians? By starting with a white and a blue Andalusian of opposite 
sex? Describe the procedure in either case. 
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When each phenotype can ha^■e only one »motype, breeding experi- 
ments are simple. If it is desired to cross two indixdduals possessing 
certain genes, such individuals can always 1)0 selected merely from their 
appearance. Alany characters, howevei', do not reveal the genotype 
of the animal or plant exhibiting them. Some individuals may be 
either hetcrozygotes or homozygotes, and. to discover vhich one they 
are, it is necessary to obtain olTspi'ing from them, or to know their 
parentage. 

Black and Brown Mice. —A familiar ('xample of this uncertainty 
of the genotype is furnished by the black color of mice, as contrasted 
with brown coat. Black mice may be homozygous, or they may be 
heterozygous for brown and black. If a stock of mice has been inbred 
for some time and only black animals have been produced, these mice 
are assuredly homozygous. JUit a black mouse ol)tained from an 
unknown source may be heterozygous. Brown mice, on the contraiy, 
are always homozygous for brown. 

These relations of brown and black are ascertained from a cross like 
that shown in Fig. 30. If a black mouse, known to be liomozygous 
from long inbreeding of its ancestors, is crossed with a brown mouse, 
sure to be homozygous without knowledge of its ancestry, all their 
offspring (Fi generation) ai'e black and indistinguishable from the 
black parent. This result is described by saying that black coat is 
dominaniy browm recessive. When these black Ft animals are interbred, 
the F 2 generation obtained from them consists of some black and some 
brown animals, the blacks being about three times as numerous as the 
browns. 

Inheritance of Color in Mice. — The two kinds of mice differ only in 
one pair of genes, Avhich are located in a pair of homologous chromo- 
somes. The differentiating genes of the brown animals may be sym- 
bolized by the letter those of the black mice by B. The original 
black parent in this cross had two chromosomes containing B in each 
cell; but the reduction division left only one of these chromosomes, 
hence only one gene B in each of its mature eggs (Fig. 31). The brown 
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mouse had two chromosomes containing h, but the reduction division 

j-esulted in spermatozoa ha\dng only one chromosome of this pair and 
only one gene h. 

The fcitilized eggs must therefore have had one chromosome with 
/i, the other with h. These fertilized eggs developed into black mice. 
Why Bh, along with the other genes of the animal, should produce as 
black a mouse as BB does is unknown. For some reason a single B, 
even in the presence of b, produces as much black pigment (at least so 
far as the eye can see) as do two B's. This capacity of B, even when 6 
IS present, to produce as great a visible effect as BB is what constitutes 



1 !(.. .JO. Itihoritancc of color in mice. Black fiRTircs, black mice; shaded figures, 
blown. The Fi generation is black, the Vz black and brown in the ratio of 3:1. 

its dominance. If I in snapdragons had this capacity, the Fi plants 
would have red flowers instead of pink. 

The black Fi mice produce two kinds of germ cells. In the reduc- 
tion division in a female the chromosome containing b ma 3 '' pass to the 
polar body, yielding an egg with B) or the chromosome with B may go 
to the polar body, producing an egg with h. Since the pair of chromo- 
somes is placed on the reduction spindle at random, one kind of egg 
should be about as abundant as the other. In the male, each reduction 
division jdelds one cell with B and one with 6; hence, there are two 
kinds of spermatozoa, equallj'’ numerous. 

The two kinds of eggs are fertilized by the two kinds of spermatozoa 
at random. Consequently the four combinations should be about 
equally frequent. Fertilized eggs of genotype BB and those containing 
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Bb all produce Idack mice. Only tliose possessing the 
yield broMn animals. The F> gcmeration thus consists 
mately three-fourths black and one-fourth brown mice. 


genotype hh 
of approxi- 




1,-^'^* T explaining the inheritance of color in mice nhw.i, i i 
ollipses. black mice; shaded fiRures. brown mice JJi * «Ia( k-bordered 

anim^k^h generation is bred from these F, 

animals, tte uncertainties due to dominance appear. While the brown 

mice are known to be bb, there is no way to tell whether a black one is 
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BB or Bb. A mating of two F2 brown animals yields only brown off- 
spring; but two black individuals from F2 may yield only black off- 
spring (if at least one of the parents is BB), or they may produce both 
blacks and browns (if both parents are Bb). In the latter contingency 
the black and brown offspring are in the ratio of about 3 : 1 , as in the F2 
generation. Other types of matings involving the F2 mice are possible, 
but every time a black member of this generation is used there is doubt 
concerning the genotypes of the prospective offspring, for the black 
parent may be either BB or Bb. 

Choice of Symbols of Genes. — In symbolizing genes by means of 
letters geneticists have adopted a convention involving novelty and 
dominance. An initial letter is ordinarily used, unless it has been 
preempted for some other pair of genes. Of the two characters that 
are contrasted, the newer one, in the history of the race, suggests the 
symbol. In snapdragons the letters li were chosen in the belief that 
ivory flowers are a more recent development in the evolution of these 
plants than are red flowers. For color in cattle the letters Ww were 
selected on the supposition that red cattle have existed longer than 
white ones. In mice the letters Bb come from brown, rather than 
black, since brown is presumably the newer character. 

In the above examples the relative ages of the two characters are 
not directly known. In breeding experiments the new character some- 
times arises by mutation, under observation, and then there is no 
uncertainty in the application of the convention. When the red eye 
of the vinegar fly Drosophila, much used in genetic studies, mutated in 
one individual to a vermilion eye, the symbols of the genes were Vv. 
When the body color of one of these flies mutated to yellow (from gray), 
the symbols chosen for the genes were Yy. 

If one of the contrasted characters is dominant over the other, the 
capital letter is used for the dominant gene and the small one for the 
recessive. In the color of mice B accordingly designates black, h 
stands for brown. Vermilion eye in Drosophila, being recessive, is 
symbolized by v, the wild-type red eye by V. AVhen neither character 
of a contrasted pair is dominant over the other, the allocation of the 
capital and small letters is optional. There is no particular reason why 
/ should represent red color in snapdragons; it might quite as logically 
denote ivory. 

Recognizing Dominance in Human Pedigrees. — When heredity is 
being studied in laboratory animals which are inexpensive to rear, it is 
usually possible to make the first cross with animals which are known 
to be homozygous for their respective characters. If the Fi generation 
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is of tlie same phenot^’pc as one of the parents, the character it exhibits 
is dominant, and the character of the unlike parent is recessive. 

In human heredity it is not so simple to ascertain which character 
is dominant. It is impossible to inbreed stocks for several generations 
to insure that all individuals are homozygous at the outset. More- 





i 
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J'Ki. 32. — i uMiily liistorios revealing the mode of inheritance f>f hiown and eves 
in man. farcies are fetiiale.s, .sfiuares males. Rlack symbols. bhie-e>'e(i; \vhit<' >\'nil»f»l>, 
|jit>wn-e,ved. Ulue is shown to be recessiv'e, brown dominant. 


over, the “experiments” themselves are not carried out at the will of 
some breeder; one has to take the information that is available in 
accessible family histories. In addition, families are small, so that a 
group of brothers and sisters who should theoretically divide in the 
ratio of 3:1 between two phenotypes may easily not inchule the minor- 



I'lc}. 33. — Symphalangy, 
joints. The fingers are not 
Heredity.) 


or .stiff fingers, due to fusion of the bones at some of tlie 
usually shortened appreciably. {From Hefner in Journal of 


ity class at all. It is necessary, therefore, to judge the heredity of a 
given character from many family histories, in which the parents are 
likely to have different genotypes. How are dominance and recessive- 
ness best judged under these circumstances? 

The easiest judgment is derived from families in w’hich the parents 
are alike, and the children are numerous enough to include both classes 
if two classes are to be expected. I^xamples will best illustrate the 
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piiiiciplc. In fumily histories, females are represented by circles, 
males by squares. Lines connecting the symbols readily indicate the 
family relationships. The symbols are usually blackened for indi- 
viduals who exhibit some unusual character, such as extra fingers and 
left white for the ‘^normal individuals. When the contrasted charac- 
ters are both common in people in general, either one may be blackened. 
In any case, a key to the figure must explain the symbols. 



— * X-ray pliotograph of the right hand shown in Fig. 33. The bones at 
the first joint beyond the knuckle are fused in each finger. {From Hefner in Journal of 
Heredity.) 

By means of such symbols tiie inheritance of brown and blue eye is 
represented in Fig. 32, in which the blue-eyed members of the family 
are represented b 3 ’' black. In both families the two parents are alike. 
In the family at the left, both parents are bliie-ej'ed, and all the children 
are blue-e^'ed. AVhile a single faniil^^ of this sort would hardly suffice 
to indicate the mode of inheritance of blue e^^es, if man^'' such families 
are found, the^'' would show that blue eye is recessive. When both 
parents exhibit the recessive character, all their children must shoAV it. 

The best single test for dominance and recessiveness is shown at the 
right in Fig. 32. Here the parents are both brown-e.yed, and one of 




their children is blue-eyed. In such a family, the parents must 
exhibit the dominant character (they are heterozygotes), and the child 
that differs from them possesses the recessive character. 

A very common method of discovering whether a character is 
dominant is to note whether it occurs in e\'erv gemaalioii in the direct 
line of descent, or whether it skips a generation now and then. This 
test is here applied to symphalangy in a known family history. In this 
character the fingers are stiffened })y tlu‘ fusion of tin' st'gnients of bone 
at the joints. Ihe hands in I’ig, 33 ha\'e the basal two phalanges of 
each fingei thus joined to torm a long si^gnumt. that there were tw<j 
bones in such a segment, but that tlu-y were united in growth, is indi- 
cated by the X-ray photograph of one of these liands in Tig. 34. 


^4 



Fl.i. :)5.— Fnl>,il.v )M.sto,T of sylnpl.aUir.Ky, Tlio rl.ara.tor is shown to l>o d 


omiiuint. 


A family history in which many momlipis are symphalangic is given 
m I'lg. 35. The record has been abbreviated by including the mar- 
riages of only some of the symphalangic persons. It will be noted that 
in eay family in which there are one or more stiff-fingered children 
one of the parents is likewise symphalangic. Since this is true in every 
instance, the direct line of descent includes one affected person in 
tw'ery generation. This is in general the mark of a dominant character 
or wherever one child shows a dominant character at least one of its 
parents must also show it. It would be possible for a recessive charac- 
ter to appear in each of .several successive generations in the direct line 
provided that the persons marrying into the family are either recessive.s 

iiniv every-generation appearance could not be 

unnersal for a recessive character. Occurring in every one of even a 

chlrlcterT'^^f uncommon 

aracter, for then the persons marrying into the family could seldom 

be even heterozygous. Contrasted with the occurrence of a domtrt 
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character in every generation, a recessive character is regularly absent 
from some generations in the direct line. 

All these criteria of dominance and recessiveness are based on the 
assumption that inheritance is simple, unmodified by the action of 
other genes. As 'W'ill appear in later chapters, many characters are 
noticeably affected by more than one pair of genes; and even domi- 
nance may be modified by other genes. 

PROBLEMS 

39. In what respect is heredity that involves dominance less simple than 
heredity in which dominance is lacking? 

40. Explain why, in simple human traits, it is easiest to discover which of two 
contrasted characters is dominant from a family in which two like parents have 
one or more children different from them. 

41. If in a human pedigree covering several generations a strictly recessive 
character does not skip a generation, what assumption must be made regarding the 
persons from other lines who marry into the family? 

42. If a heterozygote is phenotypically different from both corresponding 
homozygotes, it exhibits a dominant character. True, or false? 

43. If a plant, on self-pollination, produces 36 offspring like itself, and a much 
smaller number different, how many of the 36 should breed true if self- pollinated? 

44. If a very common red-flowered plant is crossed with a comparatively rare 
pink variety, and they jdeld only red offspring, what S 3 'mbol would you choose for 
the gene for red color? 

46. Two rose-combed fowls, A and B, bred together, produce only rose-combed 
offspring. Fowl B, mated with C which is also rose-combed, produces some rose- 
combed and some single-combed offspring. Assuming rose to be dominant over 

single and using R and r to sj’’mbolize the genes, the genotype of fowl A is , 

that of B is , and that of C is 

46. If in a large number of human families, whenever the two parents are alike 
all their children are like them, even though a contrasted character is fairly com- 
mon in the general population, what would you conclude regarding the mode of 
inheritance of the character? 

47. Some breeds of fowls, to be registered, must have only rose combs. In some 
flocks an occasional single-combed fowl is produced. How should the owner pro- 
ceed to eliminate the single-comb gene from his flock? 

48. Which would be the easier to establish, a true-breeding flock of rose- 
combed fowls or a true-breeding flock of splashed-white fowls? Why? 


CHAPTER 7 


BACKCROSS AND TESTCROSS 

In the p^ecedinf^ chapters the illustrative crosses have been 
described as passing to an F 2 generation after the Fj. This is a veiy 
common type of experiment. When a new character has just sprung 
into existence or has first been discovered, the new type can only be 
crossed with the ‘TiormaP' or unmutated form; and to mate together 
their heterozygous offspring is the quickest way to get a stock of indi- 
viduals showing the new character. If neitherof thecharactersinvolved 
in the cross is new, the F 2 generation is still a very advantageous one. 
because there is no need to secure virgin females from the Fj generation 
in order to produce it. The male and female members of the Fi genera- 
tion are together from the first, and any random matings made in 
advance are precisely those which the breeder would make if he chose to 
control them. Hence, from Fi to Fo is usually the easiest course. 

An F 2 generati(ai is not as a rule, however, the most instructive one. 

If the expeiimentei s object is to discover how the characters are 

inherited, and he has stocks of individuals exhibiting them on hand, 

or if the mode of inheritance is already known and he wishes only to 

know the genotype of certain doubtful individuals, other crosses are 
much more useful. 

Backcross. — A common procedure in experiments is to make what 
is called a backcross, that is, a mating of an F, indi\ddual \v-ith one of its 
parents or with an individual having the same genotype as one of the 
parents. The backcross may be made to either parent, as shown in 
Fig. 30. The contrasted characters in this illustration are (1) the 
smooth coat of guinea pigs, in which the hairs on the back and sides of 
the body all slope in the same general direction, backwards, and (2) 
rough coat, m which there are whorls of hair radiating like spokes of 
wheels at several places on the body, causing elevated tufts where hairs 
of opposite slopes meet. As the central animal (F,) in the figure shows 
rough coat is dominant; smooth is recessive. 

This heterozygous Fi may then be mated with either of the parent 
types. Both matings are backcrosses. If the F. animal is mated uith 
a smooth one (left, m the figure), two kinds of offspring, rough and 
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smooth in about equal numbers, are produced. If the Fj is mated to a 
rough animal (right), homozygous like the rough parent, all the back- 
cross offspring are rough, although, as is indicated below, they are of 
two genotypes about equally numerous. 

Explanation of Backcross.— The explanation of the results of the 
two backcrosses is shoT\ n in Fig. 37. The general purport of the chart 
will be understood from the scheme used in earlier figures. On the 
left, the backcross results in two types of offspring, rough and smooth, 
in equal numbers. The backcross on the right jdelds only rough off- 
spring, but they are of two genotypes, RR and Rr, equally numerous. 

The 1 : 1 ratio, whether of phenotypes or genotypes, is characteristic 
of the backcros.s. The two classes are equally abundant because the 



l ie. 36. Barkoro.'5sc.s, illustrated by inbcritance of smooth and rough coats in 
guinea pigs. Jtough coat is dominant. Backcross to rcces.sive parental tj'pe (left) 
yields two phenotypes, but to dominant parental type (right) onlv one phenotype. 


two kinds of eggs (or spermatozoa) produced by the Fi animal are 
equally numerous. The ratio of offspring is directly dependent on the 
ratio of germ cells produced by the heterozygous parent. 

Of the two possible backcrosses, onlj^ one is usually made. That 
one is between the F i and the recessive parent type. This cross yields 
two kinds of offspring visibly different, that is, two phenotypes. The 
other backcross 3 delds only one phenotype, and there is no way to tell 
which individuals are heteroz\''gous, which homoz^'^gous. The back- 
cross to the recessive is thus the more informative of the two. 

Testcross, — The essential feature of this more usual backcross is 
that it is a mating between a heterozj^gote and a recessive homozygote. 
As to phenotj'^pes, it is a mating of a dominant individual vdth a reces- 
sive one. Now, a dominant-recessive mating is often made in ignor- 
ance of the genotype of the dominant individual. Indeed, such a cross 
is frequently made for the purpose of discovering whether the dominant 
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make such a test, the mode of inheritance of the character in question 
must already he knou n. If it be supposed that feeble-mindedness is a 


simple recessive character, an assumption that is not quite justified but 
is nearly correct for certain types of the defect, it is often possible to say 
that a given individual, who is mentally normal, is heterozygous for the 
deficiency. This can he done for one individual in the family history 
shown in Fig. 38. do identify the various members of a pedigree, it is 
customary to designate the successive generations by Roman numerals, 
I, II, III, and then give the members of each generation Arabic 
numerals from left to right. The man II-2, who married a feeble- 
minded woman, is shown to be heterozygous because his son by that 
marriage, III-2, is feeble-minded. When this man remarried, this time 
a noinial woman (1 1-3), the children in his second family have one 



.‘^ 8 . 



Pedigree of feeble-niiiidedness in an actual family, to illustrate method of 
determining genot>-pe of a jihenotypicallj- dominant individual. 


chance in two of being heterozygous. This is a probability which 
any one proposing to marry into the family ought to know, and the 
testcross involved in the marriage of II-l and 1 1-2 reveals it. Inci- 
dentally, the pedigree also shows that I-l and 1-2 were both heterozy- 
gous, but it is not a testcross which furnishes the evidence. 

Backcross without Dominance. — For the sake of completeness, 
crosses between organisms heterozygous or homozygous for characters 
which lack dominance should be mentioned, though such matings need 
never be made to test the genotype of any indi\ddual. If a yellow 
four-o’clock is crossed v-ith a white one, the offspring are pale yellow 
(Fig. 39), sho^^ing that neither color is dominant. If a pale yellow Fi 
plant is pollinated by a deep yellow (hence homozygous) one as on the 
left of the figure, half their offspring should be deep yellow, half pale 
yellow (heterozygous). The other backcross, of Fi to white (right of 
figure), yields two kinds of offspring, half pale yellow and half white. 
Each backcross thus results in two phenotypes among the offspring. 
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* Ui xeiiow aiui wn.to oolor ui a hackcros.^ in four-o’flork. 

Ci o.vs-liatrluMl flowors. yellow; siiide ol.licpjo shadiriK, pale yellow : ui.^^liaded white- W 
gone for yellow eolor; w. gene for no yellow (white). 


PROBLEMS 

49. If a biiekeross re.sults in only orte distinfruishalde olas.s of offspriiiK the 
parents of these ofTspnnfj; were phenotvpieallv alike Tnie or false? 

matinK red and 50 white offsprins probably came from a 

61. \\ ith what would you mate a black mouse to ascertain whether it is hetero- 
zvKous for brown . What kind of offspring would show it to be homozygous? 

62. \ rough-coated guinea pig mated with a smooth one yielded’ 4 rough and 

r Vh r""::"’ ^he parents 

63. \^hat IS the argument that the woman II-3 in Fig. 38 is homozygous? 



CHAPTER 8 
SEX-LINKAGE 


The characters ^^•hose lieredity lias been so far described bear no 
particidar relation to sex. It made no difference which parent intro- 
duced which character, dhe two reciprocal crosses (crosses involving 

the same characters but with the sexes interchanged in the two) would 
yield identical results. 

This equality or indifference of the sexes in these crosses springs 
from the fact that each sex has two chromosomes containing the genes 
loi the chaiacters in question, dhese chromosomes separate in the 
i eduction division in essentially the same way in both sexes, producing 
two e(|ually numerous kinds of eggs or of spermatozoa, and the eggs 
and speimatozoa unite at random. Under these circumstances the 
sexes must behave in the same tashion in transmission. 

Chromosomes and Sex. Although most of the chromosomes in 
animals and plants are eciually represented in the two sexes, the mem- 
bers of one pair fretiuently differ. In man each sex has 48 chromo- 
somes. 01 these. 40 (23 pairs) are essentially alike in both sexes. 

T. he twenty-fourth pair in the temale consists of two similar chromo- 


somes; but in the male, one chromosome of this pair is like those of the 
temale, while the other is much smaller (Fig. 40). The two chromo- 
somes of this pair in the female and the similar one in the male are 
known as X chromosomes, while the smaller one in the male is called a 
\ chromosome. The X and Y chromosomes are known as hetero- 
somes, the other 46 as autosomes. 


The mammals in general are like man in this respect, the females 
having two X chromosomes, the male an X and a V, and both sexes 
being alike in their autosomes. Or the male may have an X but lack 
the Y. Most insects are like mammals in this respect, though it is a 
little more common in them to drop the Y chromosome altogether, so 
that females are XX, males simply X. Some fishes are also like the 
mammals in their heterosomes. 

In some other animals a similar situation exists, except that the 
sexes are reversed. These other animals are the moths, caddis flies, 
birds, and some fishes. In them it is the male that has two similar 
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heterosomes, the female two unlike ones. To indicate this rexersal of 
the heterosome relation l)etween the sexes, some ^geneticists have called 
the heterosomes of these se\'eral j^roups Z and \\ . n'spcct i\-ely. The 
male has the constitution ZZ, the fernah' ZW. Sometinu's tlu' W 
chromosome is missinp;, and the f(Mnale has simpl\' Z. 

In all the.se organisms it should Ix' ma<le ch'ar that sex depends on 
the cliromosome outfit. A fly is a temale primarily- because it contains 
two X chromosomes in (aich c(‘il. or a inah* l>(‘caus<- it has onl\' one \ 



]•»<;. 40. Tlu* in nuin. .\t loft, tliosn of a .livi(Un« ^pnirnutoKonitiin 

48 m iminOiM-. Ax liKht, side vic-w of spcMinatocyto at divi.^iotr X and V 

rhroinosoim*^. uiUMnial in size, have uono alu-ad of jno>t of the other chrotnosonie.s to 
the ends of the spiiulle. (From Paintvr in Join/ml of Expi , inuntnl Zoolouu.) 


(with or without a 'N ). A moth is a male because it has two Z chi’oino- 
somes, or a female because it has only one Z (perhaps with a \V). 

Heterosomes and Germ Cells. 'I'liese pairs of heterosomes beha\ e 
in maturation essentially as do the auto.somes. The X chromosomes 
ol a lemale or the Z chromosomes <jf a male come tojj;ether in a iniir, and 
m reduction go to different germ cells, which therefore contain but one 
such chromosome, d he X and V in a male fly or mammal or the Z 
and W in a female bird or moth may not ])air, since they have few 
pnes in common and likeness of genes seems to he the reason for pair- 
ing; but they do go to different germ cells. Hence, the spermatozoa of 
a mammal are of two kinds, halt ot them containing an X chromosome, 
half of them a Y (or no heterosome at all in species in which has been 
lost). The eggs of a bird are of two kinds, about half of them contain- 
ing a Z chromosome, half of them a W (or perhaps no heterosome of 
any kind). 

Genes in the Heterosomes. -Fmm these relations of the hetero- 
somes it is elear that, if they contain Renes, the characters produced 
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by those genes will be inherited in a special fashion. In the mammals 

and most insects, females will have two genes of each kind found in an 

X chiomosome, and will transmit such genes in every egg; but males 

will have only one gene of each such kind unless the Y chromosome 

contains similar genes, and will transmit them in hut one class of their 
spermatozoa. 

These pecidiarities in transmission have made it pos.sible to dis- 
co\ei genes located in the heterosomes. Literallj’^ hundreds of genes 
for various ordinary characters lun-e been proved to e.xist in X chromo- 
somes, only a few in the \ . The same peculiarities exist in Z and 
chromo.somes; many genes are known for the Z chromosomes, few for W. 

Sex -linked Characters. — C'haractcrs produced by genes in the X or 
Z chromosomes are called sex-linked characters. A typical example is 


GRAY 9 
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SABLE CS 
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GRAY d 



GRAY 9 GRAY 9 GRAY Cf SABLE Cf 

Fio. 41. Sex-linked iiilioritance in Dro.sophila. NIating of gray female and sable 
male. Chromosomes indicated by heavy lines, genes b>' dots in them, X chromosome.'^ 
.straight, Y chromosomes bent at end. Horizontal chromosomes are those in the diploif! 
cells of flies; vertical chromosomes are in germ cells. S, geiie for gray; s, gene for sable. 

that of sable, a black body color, in the vinegar fly Drosophila. If a 
w ild^ ype female whose body color is gray is crossed with a sable male, 
all the Fi generation is gray inl^th sexe^Fig. 41^ AVhen the Et- 
males and females are mated together, the F 2 generation consists of 
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gray and sable aiiproximately in the ratio of The sable class, 

however, includes only males. This latter fact, that the recessive^ 
members of Fo are all of one sex, is what indicates that sable is sex- 
linked and that its gene is in the X chromosome. 

This result is ex])lain(Ml by the chart in Fig. 11 . The heavy straight 
lines represent the X chromosomes. The Y chromosome is shown bent 
back at one end, since it is actiuilly J-shaped in this fly. The letter .v 
represents the gene for sabh', ,S its wild-type alternate (gray). As this 
mating was made, the female is *S'.S, for she has two X chromosomes, 
'rhe male is for he has only one X chromosome; the Y clirornosonn' 
has no gene homologous with *S', or at least none that is dominant over 
.•f. The Y chromosome can therefore l)e n'garded as ‘‘empty ” of g<*nes 
in this particular cross. 

The X chromosomes are s(*parate(l by the reduction division, so 
that each egg receives one. with its gene S. Th(* eggs are rei)resent(*(l 
merely by the X chromosome set vertically. In the male, the X an<l 
Y are separated at the reduction division, so that two kiiuls of spei'ma- 
tozoa are i)roduced. Half the si)ermatozoa contain the X chromosome 
- hence the gene s; half of them contain the Y with no pertinent geiuv 

Fertilization of the eggs by the two kinds of spermatozoa yi(^lds two 
combinations in Fi. Oik* oi these is XX as to chromosomes and as 
to color genes; it yields gray females. The other combination is XY 
as to chromosomes, merely S in genotype; it ])roduces gray males. 
The Fi generation is thus all gray in both sexes. 

The Fi females, being heterozygous, produce two kinds of eggs, and 
the males, as always in sex-linked charact(‘rs, produce two kinds of 
spermatozoa, one with the X chromosome, the other with the Y. 
The X-bearing spermatozoa in this instance carry the gray gene 
Four combinations in Fz result from the two kinds of eggs and two 
kinds of spermatozoa. They are shown in the bottom line of Fig. 41, 
where their phenotypes are also indicated. The last class in that row 
consists of sable males — males because they have but one X chromo- 
some, sable because there is nothing in the Y chi omosome to dominate 
over the gene s in the X. Thus a recessive character develops even 
when only one gene for it is present, because there is no dominant gene 
to prevent it from appearing. 

The Reciprocal Cross.- The preceding experiment started with a 
dominant (gray) female and a recessive (sable) male. Earlier signs 
of sex-linkage are exhibited by the reciprocal cross, sable female by 
gray male. The offspring of this cross are not all of one color, but the 
females are gray and the males sable (Fig. 42), and the F. generation 
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Histead of showing a 3:1 ratio, consists of gray and sable in about the 

ratio 1:1. The two sexes in Fa are, however, equally represented in the 
two color classes. 

The chart in Fig. 42 explains why these results are obtained. The 
males in 1 1 , receiving their single X chromosomes from their mothers, 
obtain along with them the gene s. Hence, since nothing in the Y 
chromosome is dominant over 5, these males are sable. In the Fa gen- 

SABLE 9 =1= X GRAY Cf 
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GRAY 9 



SABLE cf 



GRAY 9 SABLE 9 GRAY Cf SABLE Cf 


I’Ki. 42. Sc.x-linked cross, reciprocal to tlmt in Fig. 41. 
introduced with tlie female, the dominant with the male, 
observed as earl>- as the Fi generation. 


The recessive character is 
Signs of seX'Iinkage are 


eration, one of the XX combinations is ss as to genes, and sable females 
appear, a class not included in the F 2 of Fig. 41. 

Color Blindness in Man. — Several characters in man are known to 
be sex-linked. One of them is color blindness, particularly the inability 
to distinguish reds from greens. Since extensive experiments to deter- 
mine the mode of inheritance of human characters cannot be performed, 
it will be valuable practice in the interpretation of fami^'' histories to 
consider how the sex-linked status is assigned to color blindness. 

First, the defect is much more common in men than in women. 
There are about ten color-blind men for every color-blind woman. 
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This fact by itself is enough to create the presumption that the charac* 
ter is sex-linked. The reason for this is that a male need receive the 
gene for such a character from only one parent (his mother) in order to 
show it, whereas a female, to exhibit a recessive sex-linked character, 
must receive the gene from both parents. 

Second, although women do not often .>how color blindness, they 
transmit it as readily as men do. Men transmit the character through 



I'lci. 4S.— PeUiKieo of color bliiulncsH iti roan, .■'howinn that 
selves color-hlnui. transmit the defect from their fathers 


women, thouch not tliem- 
to sf)ine of tlieir smis. 


their daughters, who do not exhibit it. to half of the sons of thost^ 

daughters. This skipping of the females and reapi)eai’ance in some of 

the males of the next generation is illustrated in the fainilv historv of 

•' % ' 

Fig. 43. The two color-blind males of the last generation owe theii- 
color blindness to that of their grandfather, though their mothers are 
phenotypically normal. This is the behavior of sex-linked characters 
in species having XY or XO males. 


Flo. 


44. 



PocHricc of color blindness, inclurling the rare occurrence of the character 
both father and son. The reason is a heterozj'gous mother. 



Finally, color blindness rarely occurs in both father and son. A 
sex-linked character should not appear in both father and son unless the 
mother also possesses the gene, since males (XY or XO) inherit such 
characters only from their mothers. In human families a marriage of a 
color-blind man to a heterozygous woman is rather uncommon, but it 
does occur. The family history in Fig. 44 includes an example of such 
a marriage, and, as a result, IIT-3 is one of the few color-blind men who 
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have a color-blind father. The reason for his color blindness is not 

his father’s color blindness but his mother’s heterozygosis. That the 

mother (II-4) is heterozygous is further shoAvn by her color-blind 

daughter, III-l. It must be inferred, incidentally, that I-l and 1-3 are 
likewise heterozygous. 

Sex-linkage through Z Chromosome. — For an example of sex- 
linked characters in species whose males are ZZ and females ZW, the 
ornamental fish Platypoecihis may he used. The inheritance of a 
black body color proves that in this species the female is ZW, the male 
ZZ. The result of a cross between gray and black is shown in Fig. 45. 






I'-J 








I iG. 45. — Sex-linkcd inheritance in a ZZ-ZW species, the fish Platypoecilus. Gray 
forimlo is crossed with black male. Circles below fishes are chromosomes* large ones 
small ones W. Black chromosomes contain the gene for black, dotted chromosomes the 
gene for gray. ofHfied from Gordon in The Aquari}im.) 


Ihe sexes may be recognized by their lower fins, the posterior lower one 
of the male being somewhat fingerlike and hung up near the body, while 
in the female the corresponding fin is a blade projecting down into the 
water like other fins. In Fig. 45 the female parent is on the left, the 
male on the right. 

The circles beneath the fishes represent the pertinent pair of 
chromosomes. It is assumed that the AV chromosome is smaller than 
the Z, and the female is shown as WZ, the male ZZ. A black chromo- 
some indicates that it contains the gene for black color; only the Z 
chromosomes are distinguished in this way, since the AV chromosome 
contains no detectable gene related to this body color. The male 
parent is homozygous for black, whereas the female has the gray gene 
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in her Z (larger; chromosome. The male produces hut one kind of 
spermatozoon (not separately shown in the figure); hut the female 
produces two kinds of (’ggs. one with the Z cliromosome and gray gene, 
the other with the W chromosoiiK' with no g(*ne. 

From these g(‘rin cells arise' two comhinations in which are the 
two sexes. Since the Z chromosome of the fe'inale ih'ft) and each of 
the Z’s of the male (right) contain the gem' for hlack color and since 
this gene is dominant over gray, all mf'inlx'rs of Fi are* l)lack, hoth sexes 
alike. 




Tui. 40. — Cro.ss in Platypoerilu.s reciprocal to that in Fig. 45. The Fi generation 
.shows the bo<lj- color to be .sox-linked, sin(*e females are i)henotypically recessive, mul 
dominant. {M odijitd from Gordon in The Aqnariujn.) 


es 


The two kinds of eggs and the two kinds of spermatozoa produceel 
by the Fi animals yielel four combinations in Fs, as shown in the lower 
line of Fig. 45. The two at the right are males because of the two Z 
chromosomes, the two at the left are females (WZ). Although the 
ratio of the two colors is black to 3^ giay, as in a typical F 2 genera- 
tion involving any dominant character, the recessive fishes (gray) are 
all females. This shows that the color is a sex-linked character. 

When the reciprocal cross is made (Fig. 46), by introducing the 
black pattern through the female, the Fi is divided sharply into two 
classes, gray females and black males. From them an F 2 is obtained 
in w hich the ratio of colors is 1 : 1 , instead of 3 : 1 as in autosomal charac- 
ters, and the sexes are equally represented in both classes. 

Precisely the same numerical results are obtained as with gray and 
sable body colors in Drosophila, but the sexes are reversed in their 


72 


UEHKDITY 


relation to the mode of transmission. The results obtained in the fly 
from mating a recessive female and dominant male are obtained in 
Platypoecihis from mating a dominant female and recessive male, 
and vice versa. This is the evidence that Platypoecilus has Z and 
W chromosomes, for the chromosomes are not known from direct 


observation. 

Y-chromosome Characters. — Not always regarded as sex-linked, 
but inheiited in a special way because of the relation of chromosomes to 
sex, are those characters dependent on genes in the V chromosome. 

s few such characters are known. One likely reason for their 



!• ic;. 47.-- Inheritance through the Y chroino.some. The black spot on the dorsal 
fin of the fish Lebistes is confined to tnales because its gene is in the Y chromosome. 
X chromosomes are the long heav.\' vertical lines. Y chromosomes the shorter lines. 
>S. gene for dorsal-fin spot; s, gene for no spot. 


scarcity'" is the existence of relatively few genes in the Y. Another 
reason is that a gene in the Y chromosome, in order to produce a char- 
acter, must usually be dominant. There is under normal circum- 
stances only one Y chromosome in each cell, along with an X, so that 
genes in the Y must be dominant over any homologous genes in the X 
in order to come to expression. 

One character inherited in this fashion is a black spot on the dorsal 
fin of an ornamental fish, Lehisles reiiculatus. This example is one of 
the first to demonstrate Y-chromosome inheritance, and will serve to 
show that, though some species of fish have the ZZ-ZW chromosome 
outfit, other fish are of the XX-XY type. Lebistes is one having X and 
Y chromosomes in the male, and the spot in question is transmitted 
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only from father to son (Fig. 17). Jn this figure the males are all 
shown oil the right, and their Y chidmosomes are assumed to lie smaller 
than the X. The separate designation of germ cells is omitted from 
this figure, hut the chromosomes are traced from generation to genera- 
tion. Kvery combination of two X chromosomes, wliich is necessary 
to produce a female, has only the genes and the resulting fish lacks 
the spot. Kvery combination of an X and a Vchromosome correspond- 
ingl}^ possesses the g(‘nes and a spotted male is produ(‘ed. This 
mode of transmission continues as long as tlu* g(‘n(‘ S is confined to the 
V chromosome. Otlu'r lin(‘s of d(‘sc(*nt, in which the \ chromosomes 
have the gene .v at that locus, produce sjiolh'ss mal(*s. 

In one human pedigjee of f<.)ur geiUMations syndactyly (webbed 
toes or the side-Viy-side union of the digits) was found to jiass from 
father to sou and not through daughti'rs to flu'ir sons. This suggested 
that the g<‘ne may be in the Y chromosome. Haldane Ix'lieves there is 
evidence that genes for (‘ertain human dis(‘as(‘s may be located in 
either the X or the Y chromosome. Th(‘se diseases are complete 
color blindness, xeroderma pigmentosum. Oguchi’s disease, I'ecessivci 
epidermolysis bullosa <lystrophica, and some cases of both dominant 
and recessive retinitis pigmento.sa. 


PROBLEMS 

64. If in a .species a certain cliaracter is fre(jiiently transmitted tlirou^h mal(‘s 
wliich do not themselves show it Imt is not similarly transmitted throujih females 
which do not show it, what kind of heterosomes does the species possess? 

66. If a male animal receives his sex-linked p;en<;s only from his mother, in which 
kind of hetero.some are the.se genes? 

66. If a recessive female butterfly is mated with a dominant male, whi«'h 
generation, I’h or Tj, would first show whether the character is sex-linked? 

67. If a male bug has 16 chromosomes in each body cell, one of them is a V. 
True, or hdse? 

68. reces.sive sex-linked mutation ari.sing in a mammal in nature should 
aj)pear mostly in which sex? 

69. homozygous red-eye<l Drosophila female mated with a white-eyed nude 

piod\ices -eyed daughters and -eyed .sons. {Those colons are .sex- 

linked and red is dominant.) 

60. .V white-eyed female Dro.sophila mate<l with a red-eyed male produces 

^ — .-eyed daughters and -eyed .srms. 

61. A color-blind woman who marries a normal man should have 

‘laughters and sons. 

62. 'I'lie gene for a character that is liandetl on only from fatln-r to son for many 

generations is ])robably in the 

63. If a woman, herself color-blind, lias 6 sons, how many of them should be 
color-blind? 
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64. Black is a sex-linked character recessive to barred pattern in fowls. If a 

barred hen is mated with a black cock, the female Fi offspring should be , 

the male Fi 

66. A type of muscular dystrophy (wasting away of the muscles) in man is a 
recessive sex-linked character that is fatal in early youth. Wh 3 ' is there no 
recorded case of a girl so afflicted? How could a dystrophic girl be produced? 

recessive mutations than autosomal 
recessives? Would dominant sex-linked mutations have the same advantage over 
autosomal dominants? 



C’TIAPTEH 9 

MULTIPLE ALLELES 


III .simple frenetic experiments one form or condition of a character 
is contrasted witli another form or condition of the same charactei'. as 
two eye colors, two wins sliapes, two color patterns. The genes which 
aie responsible for those two conditions are .said to he homologous with 
one another. They are so related that in the I'eduction di\-ision of 
maturation they n'gnlarly go to different cells. Each germ cell receives 
one, but not both. 

Two genes that necessarily go to diffenmt mature germ cells an* 
called alh'lcs. Each is an allele of, or is alh'lic to, the other. These 
alternative genes are located at the same places, or loci, in their respec- 
tive chromosomes. The two conditions of a structure, color, or physio- 
logical property which these genes principally help to develop are 
likewise called alleles. Hrou n and blue eyes in man are alleles of each 
other, as are yellow and white flower color in fom-o’clocks, red and 
white color in snapdragons, rough and smooth coat in guinea pigs. 

Origin of Alleles.- How does it happen that there are different eye 
colors, different coat colors, and different genes in their respective 
chromosomes to irroduce the different phenot,\'pes? They do not 
always exist. In a young species, one lately arisen from a single 
ancestrj-, many of the loci of the homologous chromosomes are occupied 
each by just one kind of gene. .Vlleles of the.se genes arise by mutation 
When gene li changes chemically, so that in cooperation with the 
genotype m general it produces a different character, a new gene 
lias sprung into existence at the locus ordinarily occupied by B If 
the new character is reces.sive to the old one, the new gene is designated 
h. B and b are alleles; M and m are alleles, the one having sprung 
l.y mutation from the other. Mutation of a gene produces a new gene 
m one chromosome, and as a result there are two alleles at that locus. 

Multiple Alleles.— Xow, genes are probably protein substances, and 
proteins are of very complex structure. Complex structures have more 
opportunities to change than simple ones have. Hence, even if a gene 
is only one molecule of a protein, it probably has the capacity of 
changing in a variety of ways. A gene should be able to produce by 
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mutation, not just one other kind of gene, but many kinds. It is 
kno\A n, in fact, that this has happened to a number of genes in different 
oiganisms. Since any individual has tvo chromosomes of each kind, 
it may have any two of the genes that have arisen at a certain locus, 
^hesc two, because they are at the same locus and come together as 
the chromosomes pair, are forced to go to different germ cells in the 
reduction division. They are thus alleles of one another. Any one 
of the genes may be allelic to any other gene at that locus. 


Three or more genes occupAnng the same locus of homologous chro- 
mosomes in a species are called multiple alleles. 

White-eye Series in Drosophila. — One of the largest knowm groups 
of multiple alleles is one that concerns eye color in the vinegar fly 
Drosophila. The Avild-type eye color is red. In the year 1910 there 
was discovered a fly with white eyes, Avhich was later found to be due 
to mutation of a gene located 1.5 “units” from the “left” end of chro- 
mosome 1. In the years of experimentation that have folloAved, the 
gene at that locus has mutated again and again. IMostly it has been 
the wild-type gene in some individual that has mutated, but occasion- 
ally one of the mutant forms of the gene has changed to something else. 
Some of the eye colors resulting from these mutations have been named 
eosin, apricot, cheny, coral, buff, tinged, blood, and ivory. In all 
there have been pro{luced 13 mutant genes at that locus. Hence, Avith 
the wild-type gene from which they all directly or indirectly arose, 
there arc 14 alleles in this series. 


\ female fly may have any two of these genes — tAVo eosin genes, or 
an eosin and a Avhite, or a Avhite and an apricot, or AA'ild-type red and a 
coral, and so on. In the reduction di\dsion the tAvo genes, AA'hiche\'er 
two they are, separate, one going to the polar body, the other to the 
oocyte. Taa'o classes of eggs are produced by a female that has t\A’o 
different genes of this allelic series, just as by any other lieterozygous 
organism. Though only tAVo kinds of eggs may be produced by any 
one f\y, 14 kinds of eggs AA’ith respect to this character may be produced 
by members of the species as a Avhole. 

Symbols of Multiple Alleles. — With more than tAA o genes occup>'ing 
a gi\"en locus in a species, it becomes impossible to use the simple 
scheme of symbolizing alleles by capital and small letters. A and a 
AA'ould suffice for tAA'o of them, hut hoAA' are the others to be named? 
A practice has groAA’n up among geneticists of distinguishing the various 
alleles of a multiple series by superscripts of a common basic symbol. 
In the AA'hite-eye series in Drosophila, since AA’hite aa'us the first mutation 
to be discoA^ered at this locus, the basic symbol is u\ The AA'hite-eye 
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gene is designated simply by ir, hut the later mutations are imlieated 
by sup(*rs(*ripts. d'he eosin geiu’ is ir , a[)rie()t elierrv coral 
and so t>n. In harmony with this sclnune it is common to call the 
wild-type gene not II but ir’ , tiie sign + iun-ing long been used to 
indicate the wild-type tly or chai-act(‘rs as cont!-ast('d with any or all of 
the mutant charact(‘rs or gtan^s. , 

Multiple Alleles in Other Animals and Plants. Sinc(‘ every gene 
pr()l)al)ly is al)h' to mutate in moi’c* tiian oiu' way. multii)l(? alleles 
should b(^ common. A numlxn- of scri('s art' in fact known, st'veral in 
plants, more in animal>. In ral>bits color (T oi‘ rM. albinism 
Himalayan albinism (c'‘g and chinchilla are memlx-rs of an allelic 


riu. -to -'nnnpie alleles in the rablat. Upper left, wild type: upper riKbt, albino 
lower left, eluneilla: lower nnht, Himalayan. (I'rom (’cuslU- in Journal of HercJil}/.) 

series (Fig. 48). In mice there are two well-known series. One eon 
sists of color (C or c+), chinchilla, whicli is dilute color Ilimalayai 
dilution (c'‘), and albino (r“). The other sc'ries is made up of yellov 
(.1^); agouti (which is gray because the pigments are separated ink 
different regions on each individual hair) with light belly (.1^); agout 
with gray belly, as in the wild-type mouse (d); the so-called black ant 
tan, which is black back and liglit belly (a') ; and nonagouti, or absence 

of the localization of pigment in the hairs, leaving the coat a solid color 
such as black or brown (n). 

Among plants the snapdragons furnish the laigest known series ol 
multiple alleles. There are nine allelic genes representing solid flowei 
colors ranging from red to ivory, besides a red-strip(>d ])atte. n. Corn 
has some known multiple alleles, as has also baiiev. 

ft 
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Dominance among Multiple AUeles.— An individual that is hetero- 
zygous lor the wild-type gene and one of its multiple mutants generally 
shows the wild-type character. For example, a vinegar fly whose 
genotype is Ww^ (or w+w'), which means that one of the chromosomes 


of a certain pair contains the eosin gene and the other the wild-type 
(red) allele of eosin, is wild tj^e (red-eyed). There are some exceptions 
to this dominance of wild type among the examples cited in the preced- 
ing section; for example, ydlow (A^) and agouti with light belly (A^) in 
mice are both dominant over wild-type agouti (A). 

In compounds, which are individuals heterozygous for two of the 
mutant alleles, the dominance relation varies. In Drosophila, the 
phenotype of a compound is usually intermediate betAveen the corre- 
sponding homozygous mutants. The eosin-white compound (ww') 
has pale eosin eyes, and the apricot-white compound (ww‘^) has light 
apricot eyes. In the albino series in mice (C, c^, c“) the compounds 

are likewise all intermediate. Dominance is lacking in these instances. 
However, in the agouti series in mice there is dominance among the 
mutant alleles, the order of dominance being A^, A, a', a, that is, 
any gene of this series is dominant over any gene following it, ^Ath a 
slight exception as between A and a/. Thus, A^'A-'* and A ''A are both 
yellow; a'a is black and tan; and A a is agouti with gray belly (wild 
type). But Att', while agouti with gray belly, has a lighter belly than 
the wild-type mouse has. 

When the two genes in a heterozygote help to produce characters 
that do not interfere with one another, so that both characters could 
exist in the same individual, it is possible for both genes to be dominant. 
An example is found in the sections that follow. 

Blood Groups in Man. — Certain peculiarities of human blood have 
received much attention because of their clinical importance. While 


the red cells of blood float freely and separately in their own serum, 
it was long ago discovered that red cells from one person introduced 
into the serum of another person might be agglutinated, that is, col- 
lected into little irregular clumps. Not every serum agglutinated the 
red cells of any particular person, but some combinations led to that 
result. A^he reaction was a constant one, for when it was found that 
the serum of one person agglutinated the red cells of another, every 
repetition of the test between these same two people gave the same 
result. Since in blood transfusions it would be serious to introduce 
blood Avhose red cells would be agglutinated in the patient, hospitals 
have had to develop a technique of ascertaining the nature of the blood 
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of both donor and recipient before the transfer is made. Tliat is why 
so much is known concerning the agglutination phenomenon. 

The differences between bbaxls lie in their possession (or lack) of 
certain substances called agglutinogens in the red cells and certain 
other substances called agglutinins in the serum. Two of the agglutino- 
gens are designated A and H. A giveii blood may liave one, or tiu^ 
other, or both, or neither of them. Then* are accordingly four kinds 
of blood, or four blood groups. Blood with both agglutinogens in its 
red cells is said to beh)ng to blood group AH. blootl with A only is of 
blood group A, that which has only H is of group H, and blood which 
has neither agglutinogen is said to be of blood groip) O. 

The agglutinins of the servun are likewise of two kinds, a and fi. 
A given serum may have either, or both, or lU'ither of these substances; 
but their presence or absence has a ^'erv definite r<‘lation to the presence 
or absence of the agglutinogens in the red cells. Blood that has agglu- 
tinogen A in its red cells does not have a in its serum; and c.onversely, 
if agglutinin a is in the serum, there is no A in the cells. The two sub- 

. c u ^ e ill any blood. Likew iso ]^ and do nob 

ances are, in lact. the r(‘ason for tlui 
clumping of the red cells. Ihinging red cells with B into serum with 
causes the cells to agglutinate; hence, jio blood could have both. 
Cells with A would likewi.se clump in serum with a; c<mse(iuently no 
blood could have both A and a. Blood of group Ali cannot, therefore, 
have either agglutinin in the serum, while blood of group O can and 
does have both a and d in the serum. 

From the above it will be seen what bloods can be safely mixed. 

A and a must not be brought together; so also must B and be kept 

apart. Cells of group A would agglutinate in serum of group H or in 

that of group O, because each of these sera contains a. Cells of group 

B are agglutinated by serum of either A or O, because each of these 

sera contains 13. Cells of group AB are agglutinated by serum of any 

of the other groups; but cells of gi'oup O are not agglutinated by any 
other serum. 


Clinical Test for Blood Group. — Hospitals use these facts in deter- 
mining what bloods may be used in transfusion. A simple procedure 
is the following. Serum of group A and that of group B are kept on 
hand. A small quantity of each serum is placed on a slide, and a little 
of the blood to be tested is dropped into each. If neither serum agglu- 
tinates the cells, the unknown blood is of group O (Fig. 49, top)* if 
serum of group B clumps the cells but that of A does not, the blood is 
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of group A; if serum A agglutinates the cells but serum B does not, the 

blood is of group B; and if both sera clump the cells, the blood being 
tested is of group AB. 


Serum of Serum of 

Group A Group B 



I'lG. 49. — Technique of determining group to which an unknown blood belongs. 
Two drops of serum, one of group A, the other of group B, are put on a glass slide, and 
a bit of the unknown blood placed in each. If the red cells agglutinate in one, or both, 
or neither of the droijs of serum, the group of the unknown blood is determined in 
accordance with the scheme illustrated. (^Modified from Snyder^ Blood Grouping, 
Williams and Wilkins Co.) 

Inheritance of Agglutinogens. — Since there is a fixed relation 
between the agglutinogens and the agglutinins, the inheritance of blood 
groups may be described in terms of the agglutinogens alone. It is 
found that each agglutinogen owes its presence to a dominant gene, so 
that an agglutinogen is developed if there is even one gene for it. 
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The geiios are alleles of one another, so that one person ina\' hav(‘ 
two genes — one gene twice, or the other twice, or one of each. In 
addition there is at the same h)cius in the chromosome in some indi- 
viduals a third gene that jnoduces no agglutinogen at all. d'hese 
three genes constitute, therefore, a seri<‘s of multiple (tripho alleh^s. 
Following the usual scheme of symbols, the gem* for agglutinogen A 
may be designated .1, that for agglutinogen B is called while the 
gene for no agglutinogen is a. (ienes A and A" are both (hjminant 
over a, but neither is dominant over the other. Thus, eitiier .1.1 or 
A a yields blood groiip A; either .-1".P' or .l"n j)rodiices group H; an 
produces group O; and .1.1-'' produces blood group .VH. 

Multiple Allelism Probably Common in Man. — ^Multiple alleles 
must be expected to occur fretpiently, in man as in other animals. 
Probable exami)les arc common. Often a (h'fect ai>pears in different 
families in somewhat dilfererit form, though with some uniformity 
within each single family. The simplest explanation of sucli dis- 
crepanci('s is to assume that the Siimc locus of the chronujsomes is 
involved in each case but that the gene is sliglitly different. l-]\'(;n so 
apparently simple a charactcu’ as eye color, which exists in vari(jus 
grades of brown, paling out to blue, may 1)C (h'termined in part by 
different alleles of a multiple series, though there are other ])laiisible 
explanations of its variability. 

Among the human characters that could easily bia-ome nniltipie 
alleles arc two other agglutinogens in the red blood cells. Tlu^y are 
called :M and X, They arc not clinically important, for there is 
nothing in the .serum to agglutinate the cells containing these sub- 
stances. They can be detected only by injecting them into the veins 
of other animals (rabbits, fur example) where antibodies are developed 
in response to the injected substances and then using the antisera in 
suitable tests. By this method it may be discovered wliether a given 
blood contains U or X. The results of such tests show that every 
person has either M (being liomozygous for a gene producing it), or X 
(being homozygous for a gene producing this substance), or both M 
and X (bc'ing heterozygous for the two genc.s). M and X arc thus 
alleles of one another. What prevents them from being multiple alleles 
is that, so far as is known, no one lacks both substances. That is, a 
gene at the same locus that will not produce either :\r or X has not yet 
been found. A mere mutation of the gene for M or that for X to a 
gene that will produce neither substance is all that is required to render 
the situation of M and X parallel to that of A and B. But that is all 
that is necessary to originate a group of multiple alleles at any locus 
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where there are already two unlike genes in different homologous 
chromosomes. 

It seems likely, therefore, that some of the supposed instances of 
multiple alleles in man are actually such, though complete proof is not 
so easy to obtain as in other animals. 


PROBLEMS 

67. t\ hat would happen if liuman blood having agglutinogen A in its red cells 
also had agglutinin a in its plasma? 

68. If in a given specie.s one gene had mutated several times so tliat genes 
(H, d, d’\ d-' existed at that locus, what 10 genotypes could individuals of the species 
have with respect to that locus? 

69. If in a plant species having red flowers a gene affecting color mutated to 
produce blue flowers, then purple, then lavender, how would you symbolize the 
four genes then existing at that locus? 

70. If genes are protein bodies, how likely is it that there are, or have been, 
multiple alleles at all gene loci? 

71. If a person of blood group O marries one of blood group AB, Avhat blood 
groups should occur among their children? 

72. hen two incompatible blood gro\ips are mixed in a transfusion, are the 
red cells of both the donor and the recipient clumped? Why? 

73. In what normal living tissue could there be three genes of one multiple- 
allelic series in each cell? 

74. How many human blood groups are there with respect to the MX agglu- 
tinogens? Why is the number different from that of the AB types? 

76. Two parents, each of blood group A, have a child of groxip O. What are 
the genotypes of the parents? What is the chance that their next child will 
lik('wise be of groxip O? 

76. A woman of blood group B marries a man of group A, and their first child 
is of group A. \\ hat is the mother’s genotype? If their second child is of group 
B. wluit is the father’s genotype*? If these parents were to Inivc eight children, 
Jiow many of th(>m sliould ]>e of group AB? 
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J^artly Ikh-uusc thc'V modify (‘xi)(‘ct('d ratios of classes of indi\ i(luals, 
partly Ixu-ausc' of various iidlucucc's on (‘\'olution. lotliai ^<mcs or h'thal 
situations ot oth(*r sorts aj(; of some imjjortanct'. A lethal gene or 
eharactiM- or modification of any sort is one. that d<‘stroys the individual 
having a certain constitution with re.>p(‘<'t to it. 

Missing Chromosomes. Se\'erai (list inct t \'p('s ol g(‘n(d ic situations 
have the tatal result (h'scrilxal. Som(? oi them ar(* easily understood. 
For example, an entire chnuuosome may 1 k' missing. Through non- 
disjunction (pages 18 and t2i, (U' the tailurc' ot duplicated or paii’ed 
(’hrornijsonKJS to go to diftenait daughtiu* cells at division, a c(‘ll mav 
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l lG. 50. - Noiidi.^junction. or the* convoyatio*. to the snino coll, of two chroino.soinps 
wlucl> would ordinarily «o to dirforctit coll>. The lower two chronio.somos in each 
iiKUre me the onc.s that roinaiu toj'otlu'r of soparauiig, 

iu-i.so that lacks one of the usual chromosomes (Fig. .50). In a diploid 
coll this would not usually he a serious defect, since the homologue of th<; 
missing ehromo.some is still present, and no kind of chromosome or gene 
would he wholly lacking. Xondisjunction may happen, however, in 
the n-duction division of an oocyte or .spermatocyte, and, since the 
mature germ cells an- haploid, some of them may as a result lack certain 
genes altogether. In the germ cells them.s(dvcs this lack of specific 
genes usually does little harm in animals, because in them the success 
of the germ cells is not ordinarily dependent on the contained genes. 
Kven the offspring derived from a germ cell lacking a chromosome does 
not necessarily suffer damage, if the other germ cell uniting with the 
deficient one in fertilization has a complete set. .The resulting indi- 
vidual would merely be haploid for one of its chromosomes, diploid for 
the others. Yet even this condition may change the vi.siblo characters 
of an organism. In Drosophila, for example, nondisjunetion in an egg 
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with subsequent fertilization l,y a normal spermatozoon has produced 
a dy that lacks one chromosome of the small .spherical “fourth” pair 
(tis. 51). I his fly i.s accordingly known as haplo-1. It shows its 




H.romolmne'^of ' thTt “' f ‘w “ spermatozoon introduces one 

left for comparisoin ' *•' KoW. Normal maturation and fertilization at 


htck of one chromosome by haring short blunt wings, paler cross-stripes 

(I'lg. 62), rough eyes, slenderer bristles, slower development, and 
higher mortality, and it may be sterile. 



roinparoa witii the wild tvpo. The ei'oup ol 
chi oinosonies clmracterizing each is shown beside it. {From Bridges.) 

Because of the higher mortality that it entails, even the haplo-4 
condition may be regarded as semilethal. The real lethality of missing 
chiomosomt's appears, however, when both chromosomes of a pair arc 
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absent. This may easily happt^n with respect to the fourth chromo- 
some in Drosophila when egg and spermatozoon both lack it. This 
regularly occurs in a certain proi)ortion of th(‘ lertilizations among the 
descendants of haplo-4 (lies. Those fertilized eggs which contain no 
fourth chromosome at all do not survive. 

Deficiencies. — If lh(‘ total abscaice of om' particular kind of chro- 
mosome is fatal mendy because some vital feature of the organism is 
thus lost, it should sonu'times happen that losses smaller than whole 
chromosomes wouhl Ix' lethal. ( 'hromosomc's an* occasionally frag- 
ment(‘d, and various things haj^jicn to tlie pi('c(‘s. 'I'hey may be turned 
end about in the same chromosome, they may be attached to an entire 
chromosome of the same pair, they may be attached to a chromosome 
of some other pair, or they may b(‘ lost in the cytoplasm. In the last 




i’lo. 5.t. Bar eye (rijilit) of the vitieKur fly Drosopliila as contrasted witli the 
nornm eye (left). (From Mor{/a,i, Sturtcvnnt, Muller, and liruluos, MectuxnUm of 
Mtndcluin Heredity, Ile.rtnj Holt A Co.) 

two eventualitit‘s, they ar(‘ lost to their original chromosomes. Such 

losses of fractions of chromosomes, or the gaps where they had been, 
are known as deficiencies. 

If a doticioncy involves some essential feature of the constitution 
of an organism, individuals homozygous for it cannot survive. Not 
all deliciencies are lethal, however; a two-gene deficiency in the region 
of tlie yellow-body gene and one involving at least four of the bands 
(sahvary-gland chromosomes, pages 33-35), both near the left end of 
the X chromosome in Drosophila, permit even homozygotes to survive 
though one of them reduces fertility. Similar nonlethal homozygous 
deficiencies have been found in corn. The explanation of them is 
pre.sumably that in evolution chromosomes have been broken up and 
their pieces recombined in new chromosomes. In this shuffling and 
redeahng of the genes, it is certain that the same gene sometimes comes 
to be represented at two or more places, either in the same chromosome 
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or in chromosomes of different pairs. When this has taken place, and 
then at a later time one of the repeated genes is lost through deficiency, 
that loss should scarcely prove fatal. Bar eye in Drosophila, in which 
the area of the eye is limited to a narrow vertical band in place of the 
large round normal eye (Fig. 53), is due to a repetition of a group of 
genes, one group immediately adjoining the other in the same, chromo- 
some (Fig. 54), and it has been found that presumed deficiency for bar 
is not lethal. lhat is, one of the repeated groups may be removed, 
and the fly Hi es. Its eyes are then like those of the wild type. 



NORMAL BAR-DOUBLE 

r'lG. 54. The bar duplication in salivary-gland ciiroinosoincs of Orosophila. Por- 
tion of normal X chromosome at left. Most of its segment 16A is repeated in bar 
nies (middle). If, through irregularities at meiosis, one of the repeated segments 16A 
IS lost from bar. bar-reverted (upper right) is produced; it is not lethal, since each gene 
IS still represented. Adding a third segment 16A produces bar-double (lower right), 
whose eye is still smaller. {From Bridges in Science.) 


Lethal Genes. A gene need not be absent to kill the organism in 
^vhich it should exist. It may mutate to some form which is incapable 
of accomplishing an essential end or which produces a positively 
injurious effect. It is probable that dominant lethal mutations are 
occasionally produced. These are not usually discovered, however, 
because the individuals in which they exist perish before the character, 
if visible, comes to expression. Since, however, visible mutations are 
mostly recessive to their prototypes, it is probable that most lethal 
mutations are recessive. Recessive lethal genes can be carried along 
in a stock of organisms, surviving only in heterozygotes, but regularly 
entering into some homozygous combinations which thereupon die. 

Some of the easiest lethal genes to discover are those hav^ing two 
effects — their lethal effect for which they are recessive, and a visible 
effect for which they are dominant. A classical example is the gene 
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for 3 'ellow coat in mice. This gc'iie is a menilx'r of one of th(' series (T 

multiple alleles in mice (('Imp. 9) and is S 3 'ml)olized A^\ The use 

of the capital letter in this s>'mhol indicates its dominance ^\itll respect 

to coat color; but in its lethal effect it is recessive. This situation leads 

to a modified ratio of the two color 

classes in certain crosses. When- 

cN'cr a yellow mouse is crossed with 
% 

a noin'ellow (agouti, for example), 
two kinds of otfs])ring are pri)duc(*d 
(big. 5o). 'riiis H'sult shows that 
one of the mice used was li(‘t(M‘o- 
zvgous, the otluu’ a homozygous 
r(‘c(*ssive. If the modt? of inh(‘i'it- 
ance of thes(i colors wen^ \mknown, 
it might b (5 assunu'd that eitlua- tlu^ 

3 '(‘llow or the agouti mouses was tlie 
h(‘t(‘rozygous one; ami, to d<^termin(‘ 
which one, it woJild be m‘cessar\^ 
to bre(‘d each typ(‘ further. If two 
of th(‘ agouti mice from tin; first 
cross be mated, the*}' ^ueld onl\' 
agouti offspring, showing that the 
agoutis were not heterozygous for 
y(‘llow. But if two of the ^a'llow 
mice from the first cross are br(‘d, 
they 3 'ield both 3 'ollow and agouti 
oiTspring. Plainlj^ it was the yellow 
mouse that was h c t e ro 23 ’ go u s. 

This happens every time a yellow mous(' is cross(‘d to oiu' of anothi'r 
color, so that all 3 'ellows must be heterozygous. 



1' k;. ,5,5. Cro.s.'j hctwetMi v’cllow 
mouse aiui Jmouti. sllo^vi^^ tliat one of 
these iniee is heteroz.NKons. Plain 
figures, yellow mice; dotfeil fimnes. 
aKoviti. .-P , K<*nc for yellow; ^1. cone 
for aconti. 


A yellow mouse may bo heterozygous for any of the other alh'h's of 
this multiple series. It may contain the genes for yellow and black, 
oi- yellow and black-and-tan, or yellow and nonagouti. Every yellow 
mouse, even in the absence of knowledge of its parentage, may safely 
be legal ded as heterozygous. ^Vhy are there no homozygous yellows? 
It is because the homozygotes die. Suppose that t\TO yellows are 
mated and that the other gene possessed by each of them is the non- 
agouti gene a, which leads in mice homozygous for it to solid black 
color. They produce offspring of two phenotypes, yellow and black 
(1' ig. 56), but these are in the ratio of about 2 : 1 instead of 3 ; 1 More- 
over, when the yellows are bred further, they prove to be all hetero- 
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zygous. There is no class of homozygous yellows. The only suitable 
explanation of these results is that the combination is lethal. 

The eggs are fertilized, but the embryos die. Abortive fetuses are 
more common in pregnant yellow mice, and the litters from yellow 
mothers mated to yellow males are on the whole smaller than those 
from mothers of other colors, and abortive fetuses are more common 
in these yellow mothers than in mothers of other colors, all of which is 
in harmony with the assumption that homozygous yellows die. 



Fia. 56. — Cross between two yellow mice. , gene for yellow; a, gene for black. 
Homozygous yellows A^) die in embryonic stage (left, below), leaving ratio of 
survivors 2 yellow : 1 black. 

Other Lethal Characters. — Xumerous other animals and plants 
furnish examples of lethal liomozygotes. The “creeper” fowl, a short- 
and crooked-legged type, behaves in inheritance precisely like the 
yellow mouse. Several different cultivated plants have given rise to 
chlorophyll-free mutations that are unable to sui'A-ive. In canaries, a 
crested type is always heterozygous, the homozA^gotes dying early. 
The so-called Dexter cattle show some effect of the Dexter gene in 
heterozygotes, for these have short legs; but the homozygotes are quite 
abnormal and are usually stillborn. A short-tailed mutation in mice 
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has the same effect. The mutant character (li(*haeto in Drosophila, 
so called from missing bristh‘s |)ut more easily recognized by its spread 
wings, and star eye, lik('wis(‘ in Drosophila, in which the facets are 
disarranged instead of being in regular rows, both exist only in hetero- 
zygotes. In all th('se examples the lethal eifect is recessiA'e; lienee, it 
is expressed only in lioinozygotes; but, except in white plants, some 
other iletectable effect of the gene is dominant, or at least partly 
dominant, so tliat the character can t»e recognized in hetcrozygotes. 
In chlorophyll-free plants the visible effect (1 he absence of chlorophyll) 
is likewise the letlial effect; it is recessi\'(‘. an<l heterozygot(‘s look like 
normal plants. Iha-e the reason why the h'thal character has been 
discovered is that young iilants can live for a time on the food stored 
in the seed; when that is exhausted, they are unable 
to manufacture their ow n. 



57.— Fani- 

i 1 j' history of 
braohyj>lialang>- , 
part of a much 
larger pedigree. 
The paients were 
cousins. Tlieir 
la.st daughter, su])- 
pose<lly a homo- 
zygote, died in 
early childhood. 
{After Mohr arid 
Wriedt.) 


A Possible Lethal in Man.— A particular type of 
braehyiihalangy, shorteiu'd second segments of the 
second fingers and toes in man, may be lethal in the 
homozygous condition. Tliis character is ordinarily 
regardt'd as a dominant one Ix'cause it aiiptairs in 
every individual which transmits it — hence, in every 
one which has the gene for it. Sometimes it is con- 
siderably weakened in expression, for reasons to be 
explained in a later chapter, but it has always been 
found in a person known to be heterozygous. Now, 
to get a person who is homozygous, it is necessaiy 
that both parents be brachyphalangic. Such matings 
must be lare, but !Mohr and \\ I’ietlt describe a cousin mari’iage of this 
sort, part of a much larger family history which includes 33 brachypha- 
langic persons. From this cousin marriage came three children (Fig. 
57), one of them short-fingered and one a cripple without fingers or toes 
and with a veiy much disordered skeleton in general. The latter 
<*hild lived only a year. Mohr and Wriedt suggest that it was homo- 
zygous for brachyplialangy, a condition to be expected in one-fourth 
of the children of sucli parents. 

If this child was a homozygote, its nature illustrates one interesting 
point besides the lethality of homozygosis. That is, that brachy- 
phalangx^ is not dominant in a strict sense. To say that a gene or 
character is dominant should mean that a heterozygote is identical in 
appearance with an individual homozygous for the gene. In the 
absence of any homozygotes of the one kind, we are not able to make 
the necessai-y comparison. When under these circumstances we can 




HEREDITY 


\)0 

recognize a heterozygote as distinguished from the one known type of 
homozygote, we call the character dominant. If, however, the quality 
is expressed in some other, perhaps greatly exaggerated, form in a 
homozygote, it is scarcely correct to say that the gene is dominant. 
It is no more dominant than is red or ivoiy color in snapdragons, or 
than red or white in Shorthorn cattle. The same may be said of 
dichaete and star eye in Drosophila, for no one knows what flies 
homozygous for these genes would look like. Yellow color in mice 
might be very different in a homozygote; no one knows. One could 
say of these characters that they are at least partly dominant, which 
is one way of expressing lack of dominance as in pink snapdragons and 
roan cattle. It is only in those instances in which the homozygote 
lives to some stage in which its character may be observed that it is 
possible to say whether the lethal gene is really dominant or not. If 
Mohr and Wriedt’s interpretation of the skeletally abnormal child in 
Fig. 57 is correct, brachyphalangy is not dominant, nor is it recessive; 
dominance is lacking as between this condition and normal fingers. 

Time and Manner of Action of Lethal Genes. — The contrasts just 
made re\'eal some importance of the time at which lethal genes act. 
Early action, before the pertinent character develops, leaves us in 
ignorance of its dominance or lack of dominance. Late enough action 
permits dominance to be ascertained if it exists. 

Lethal genes vaiy greatly in this respect. In plants a number of 
lethal genes are known to destroy the germ cells in which they occur, 
and these are known as gamete lethals. Among the zygote lethals 
(those which act later than fertilization of the egg), the time of destruc- 
tion may be early or late. Dichaete and star eye in Drosophila kill 
the early larvae. Creeper fowls when homozygous die in the shell at 
about the fourth day of incubation out of the 21 days that normal 
incubation requires. Short-tailed mice die at the tenth day after 
fertilization (Fig. 58) out of the usual 21 before birth. Homozygous 
“bulldog” calves are usually stillborn. White seedling plants suiwive 
as long as the food stored in the seed lasts, then starve to death. A 
number of defects in man that regularly shorten life may be regarded 
as late-acting lethals. 

How the lethal genes work is not yet understood. Ephrussi main- 
tained for a long time, by tissue-culture methods, some of the cells of 
short-tailed mouse embryos, taken shortly before the embiyo died. 
Embryonic hearts continued to beat for two months, and some of the 
other tissue cells multiplied and differentiated. These results show 
that not all cells respond to the lethal genes which they presumably 
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77. Wliy is it not ii.sii;t|l\- povsjltjc (), >:iy that a Irthal ix*’in', wlm li i'. 

oi' Its tcihai «-llcci. is lionunaiit for sdm,. si rud n i-;] 1 (‘I'fcrt? 

78. Si ar cvi* <ii.-a rraiip:r.l oin itia t idia in I )r<Kso|>liila lot ha I in t lie lioiiioz\ •^ous 
B *'vo star-i-ynl llii's an- ni.-itcd to^roiln-r and |»rodu<c- ‘JTtl a<lult onspiiiin, 

how mans' ol tlnv'^n shoidd In- star-ns-nd? 

79. \\ li\' I iocs tiot noiidisjiinct i<in ot rliriitnosoinns r(•add\■ init i;itc tn-w I s-pos of 
ortianisms in «-v«»lution? 

80. ( rorpcr (.shor1-l<-jiiri-ii lt*wls exist otd\' as lietero/\-^otes. If creepers are 
tnated with normal lowls ami jirodne<* in the at:}irey[at<- 1 I ol’fspiin^. how many iif 
t liese sliould he m>rmal ? 

81. I nder what eirniTiislatiees e<nild a sei;men1 ot a ehromosome he lost from 
l)oth elirotno.somes of a ]>air w ithoul killing llie individual losing it ? 

82. 1 he litters of mieo produced hy two yellow parents are smaller than tliose 
of nonvellows, hut are more than three-fourths as larjii- on the a\'era^e. How is 
this exei'ss to lie ^'Xiilaitied? 

83. How would you ileseritM* the dominance or reeessi\eness of a j^ene whi<-h, 

like vellow in mi.-e and creeper in fowls, slows in heterozynotes ami kills liomo- 
Z\ notes? 

84. A tamily whose parents are of hlood nnmp <) ami Aih respectively, includes 

renulaily mdy nn'Ups A and H. [f. as a r.are exception, a eliild of nioup O or AB 

were produced l.y such parents, what phenoimmon described in this <*hapter minlit 
he the <*\planati(m? 



CHAPTER 11 

TWO OR MORE INDEPENDENT PAIRS OF GENES 


Since every organism of the higher groups must possess hundreds 
or even thousands of genes, and since many of these genes may have 
mutated within the histoiy of the species, it is inevitable that two 
individuals which mate should frequently differ in moi*e than one 
respect. Indeed, unless inbreeding or self-fertilization has been 
steadily practiced, or there is some other special reason why a popula- 
tion is genetically^ homogeneous, two individuals which mate are more 
likely to differ in dozens, scores, or even hundreds of ways. If these 
various differences do not relate to the same parts of the organism, or 
sometimes even if they do, it is possible to study the inheritance of a 
number of charactei's simultaneously. This is more easily done with 
only two characters than with three or half a dozen, and the results 
are simpler if the distinct characters are independent of one another 
in their distribution to the offspring and in their development or 
expression in the individual. 


I'lo. 59. — Diagram illu.stratiiig the fortuitous arraiigomeiit of two pairs of chromosomes 

upon the spindle of the reduction division in germ cells. 

Independent Characters. — Two characters are independent of each 
other in their distribution if inheritance of one of them by a given 
individual does not create a presumption that a pai-ticular one of the 
alternate forms of another character will or will not be inherited by the 
same individual. In terms of genes, this independence means that the 
entrance of a particular one of the alternative genes of one pair into a 
given germ cell does not fa^'or or oppose the entrance of a particular 
gene of another pair into the same germ cell. Such independence 
exists only when the two (or more) pairs of genes are in different pairs 
of chromosomes. In general — there are some exceptions — the pairs 
of chromosomes are independent of one another. That is, in the 
reduction division each pair of chromosomes may take either of two 
positions on the spindle, and taking one of these positions does not 
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limit the freedom of another pair to take either of its two possible posi- 
tions purely at random. The various comijinations of positions that 
two pairs of ehromosomes may take are illustrated in Fi^j;. 59. If there 
were a heterozygous pair of genes in each of these pairs of chromosomes, 
the genes should enter into four different coml^inations. When there 
are three pairs of chromosomes, these may take eiglit different positions 
in relation to one another (Fig. 90); and three paii's of genes in them 
would enter into eight different combinations. 

Independence of development or expression of different characters 
means that production of the one does not hinder, or promote, or 
modify production of the other. C'haracters are more likely to be 
independent in expression if they affect distinct parts of the organism, 
as color of eye and shape of hair, or sluipe of wings and color of body. 




Fig. go. — F ortuitous urranKoiuont of oliroinosomo pairs on tlio roduotion spindlo 
of spermatocytes of gra.sshoppers. In eacli of three pairs, one ciuoino.some was l)ent 
in all spermatocytes of the same animal. {A/ler Miss (\irothcrs.) 

Yet even such apparently tinrelated characters are not always inde- 
pendent in expression. 

Color and Shape of Summer Squash.- Illustrative of two indepen- 
dent characters are the color and shape of the fruit of summer squashes. 
Among the various shapes of the fruit are the spherical and a flattened 
form that is called the disk. 01 the colors, the two here chosen are 

white and yellow. These charaeters are independent in expression, 
and in distribution to the offspring. 

Since white is presumably the newer color and disk the more 
recently acquired shape, the symbols Ww and Dd are chosen to repre- 
sent the genes. Being independent in distribution, the two pairs of 
genes must be in different pairs of chromosomes. In the diagram in 
Fig. G1 the chromosome pairs are distinguished by showing them as of 

different sizes, the long pair containing the color genes and the short 
pair the genes for shape. 

The original cross is between a white disk plant and a yellow sphere. 
The gene and chromosome composition of these plants is shown within 
the illustrations of the fruit. Their germ cells receive, from the reduc- 
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Fig. 61. — Inheritance of color and shape (disk and spherical) of squash fruit. Plain 
horders, white fruit; dotted borders, yellow. Heavy straight lines are chromosonie.s, 
dots in them are genes. D, gene for disk shape; d, gene for spherical shape; W, gene 
for white color; w, gene for yellow. 
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tion division, one chromosome of each pair; hence, are of tlie composi- 
tion WD and wd, n'spect ivtdy, as shown l)y th(* vertical lines b(‘neath 
the fruit. Th<‘ I'l j)lants resultinj^ from union of these cells must 
therefore have the genotype W'wDd, and, since 11' and I) are dominant, 
the fniit is white and disk-shap(‘d. 

When these doubly luderozygous Fi plants produce tluui’ ^i;erm cells, 
and the chromosomes of the two pairs s(’parat(‘ in the reduction di\ ision, 
these pairs may Ix' tuiaied either of the two possible ways on th(‘ 
si)indle, so that the loiij^ chromosome with IT may. and in some c(‘lls 
do('s, {»;o to the same end of the sj)indlo with tlu* shoi’t chromosome con- 
taining J). or it may. as in otlau' cells, go to th(‘ same cial of the spindle 
as do('s (I. Th(‘ yellow gcuie w ma>' lik(‘wis(' be turiuxl in such a way 
as to go sometiiiK's with I) and som(‘tim<‘s with d. Four kinds of g(‘rm 
cells ar(‘ thus pi‘oduc(*(l, W'l), IIV/, wl), and ird, as indicated by the 
\'ertical linens i,(*hromosom(‘s} Ixdow the Fi fruit. H(M'ause the jjlac(‘- 
ment of the paii‘s of chromosomes on th(‘ i'(‘(luction sj)indl(' is ])ur(‘ly 
fortuitous, these four kinds of cells ar(‘ a))()ut eciually numerous. 'riu‘ 
same numerical relations hold for th(‘ (*ggs and th(‘ j)oll(‘n nuclei four 
(Hpially numerous kinds of eggs, four e<tuaily nunu'rous kinds of jjollen 
nucl(‘i. 

In the production of F^ plants, therefore, -1 kinds of eggs are tertib 
ized by 4 kinds of pollen, making Hi combinations. Some of thes(? 
combinations are of course duplicates. A simple way of ascertaining 
the various combinations is to entei- them in a checkeiboard, or 
Punnett scpiare, as in Fig. 01. If the eggs are ranged along the top 
and the pollen nuclei down the left, their combinations may b<‘ placed 
in the s(iuares where the respect i^•e columns and rows cross. 

Ry insp(^ction of the combinations, the typi; of plant that will 
develop from each of them may easily be ascertaiiuxl. .Vny fi'uit with 
at least one W will be white, while ww will yield yellow; any fruit with 
at least one D will be disk-shaped, dd spherical. By as.sembhng all 
with the same phenotype, we find that 9 of the 10 conbinations are 
white disk, 3 of the 10 are white spherical, 3 aie yellow disk, and 1 is 
yellow spherical. The class has both dominant characters; each 

of the %6 classes has one dominant and one recessive; the jfr, class has 
both recessives. 

The ratio 9:3:3: 1 is characteristic of an Fz generation when two 
independent pairs of genes are involved, in each of which one gene is 
dominant over the other. The ratio may be obtained algebraically by 
simply squaring the binomial 3+1, that is, by expanding the expres- 
sion (3 + I)“. This means that each pair of characters would by 
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itself yield an Fa generation consisting of two kinds of individuals in 
the ratio of 3 : 1, and, when the two pairs are combined at random, their 
combinations are in the ratio indicated by the product of the two 
separate binomials (3 + 1)(3 + 1 ). It is these numerical results which 
indicate that the two pairs of genes really are independent of one 
another in distribution. AVere they in some way restricted in relation 

to each other, other numbers of the several kinds of plants would be 
obtained. 

The Genotypes of F 2 , — Because of the dominance of one gene over 
the other in each pair, each phenotype in F 2 includes more than one 
genotype, except the }if^ or doubly recessive class (yellow sphere). 
The combinations thus fall into 9 different genotypes, as follows; 


White <lisk 

White sphere 


i l WWDD 
2 WwDD 
2 WWDd 
4 WwDd 
flini^dd 
I 2 Wwdd 
1 1 ivwDD 
[2 wwDd 


Yellow disk 
Yellow sphere [ 1 wwdd 


Testcross with Two Pairs of Characters. — In the preceding cross 
the independence of the two pairs of genes in their distribution to the 
germ cells is first demonstrated by the 9:3:3: 1 ratio in the F 2 genera- 
tion. That ratio is a consequence of the equality of numbers of the 
four kinds of germ cells from each doubly heterozygous (Fi) parent, 
and this equality of numbers springs from the randomness of combina- 
tion of the genes. 

That the four kinds of germ cells produced by an individual hetero- 
zygous for two pairs of genes are equally numerous is more directly 
shown by a testcross. Two pairs of characters in Drosophila may be 
used to illustrate. One concerns the color of the eye, the normal red 
eye of the wild-type fly and the mutant broA\Ti eye, of which the wild 
type is dominant. The other relates to the color of the ocelli, the three 
small simple eyes on the top of the head. The wild type has reddish- 
yellow ocelli, the mutant one white, yellow ocelli being dominant. The 
genes for these two pairs of characters are in different pairs of chromo- 
somes, those for eye color being in chromosome 2, those for the ocelli 
in chromosome 3. 
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The general scheme in Fig. 02 is tlie same as in the preceding 
illustration and requires no extended explanation. Each parent, as 
there represented, has one dominant and one n'cessive character, while 
the Fi fly has both dominants. The latter is mated with a doubly 
recessive fly (brown-eycal with white ocelli). The Fi fly produces four 




j_jh\ 

bJI^ 


bwlwo 

bJ^ 

bJl"° 



(If 0^0% 


bw wo 

bw wo 

bw wo 

byv 

bw wo 


ce oi color oi eyes and color of ocelli in Dro.sophila Second 

^8 arc wUd tvne''"'d “l represented a., in chromosomes. Black 

eyes are wild-t>pe rod, shaded eyes brown; dotted ocelli are wild-tvpe reddish-vellow 

plam ocoll. wlnte Ocelli are greatly enlarged. Bw and hw. genes fo^ red and bro Jn 

eye respectively; T\ o and wo, genes for reddish-yellow and white ocelli. 


kinds of germ cells; the double recessive produces only one kind. In 

the squares beneath are shown the four combinations into which these 
germ cells may enter. 

The four kinds of flies in the testcross generation are about equally 
numerous. Their equality is a demonstration that the four kinds of 
germ cells produced by the F, fly were equally numerous. And the 
numerical equality of these germ cells follows from the fact that the two 
pairs of genes are in different pairs of chromosomes. One is obliged to 
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infer that they are in different pairs in order to explain the equal num- 
bers of the germ cells. 

Recombinations in Man. — Similar recombinations of characters in 
man are frequently witnessed. Since families are small, however, the 
ratios of the different classes of offspring are less reliable, and it is 
seldom that one can be sure from a single family history that the genes 
really are independent of one another. When they are independent, 
it is inferred that they are in different chromosome pairs. Man has 
24 pairs of chromosomes; hence, 2 pairs of genes chosen at random have 


a good chance of being independent. 

Recombination, probably independent, is shown by the color and 
shape of the hair. Hair may be dark or light, the former being approxi- 



Fig. 63. — Inheritanoe of color and form of hair in man. Black symbols, dark hair»* 
wliite sj’mbol.s, light hair; wavy oblique white lines, curly hair; straight oblique white 
lines, straight hair. The mother must have been a double heterozygote. 


mately dominant. It may be curly or straight, with curliness essen- 
tially dominant. Neither of these statements is a whole truth, for 
both color and shape of hair are inherited in accordance with a more 
complex scheme, to be described in a later chapter. However, in 
single families where certain parts of the scheme are eliminated from 
consideration because all individuals are alike with respect to them, the 
simple inheritance just indicated may prevail. 

An actual family history illustrating the recombination of hair color 
and hair shape is sho\\Ti in Fi^. 63. The mother had dark curly hair, 
the father light and straight. Their four children, three girls and a 
boy, fortunately for this illustration, were of the four possible kinds, 
light curly, dark curly, dark straight, and light straight. The mother 
was evidently heterozygous for both characters, while the father was 
observably homozygous for both recessives. It was largely accident 
that each of the four expected classes was represented in so small a 
group, but on the basis of the simple and independent inheritance 
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postulated above this should happen in 3 o\it of e\'<’ry 32 farnili(‘s of 
the same size from similar pannits. 

F2 Ratio Dependent on Dominance. Tlu' scpiashc's in the first 
example presented a ratio of 9:3:3;! in the I's generation partly 
because one gene was dominant over tlu' other in each pair. \\ Ikmi 
one or both pairs oi genes lack dominance, tlu‘ latio is chang(‘d. Tliere 
are still 10 combinations, falling into 9 genotype's, but the ph(*notyp(‘s 
are more numerous. 

What the ratio will b(‘ in such examples can be foretold by a simple' 
calculation. Suppose that one of the pairs consists of a elominant anel 
a recessive gene; the F 2 gc'neratie)n, with re'spc'ct to that ])air consielereel 
by itself, will be' divieh'd inte) two plu'notypes in llu' ratie) e)f 3:1. If 
the second pair lacks elominance, the Fo ge'iu'ration with respc'ct te) it 
alone will consist of thre*(* plu'uotype's in the' ratio of 1 :2:1. If l.)oth 
pairs are* stuelie'el simultane‘e)usly, the' F 2 ge‘ne‘ratie)n will prese'nt a ratio 
which is the produe*t of the'se twe), that is (3 + 1,)(1 + 2 + 1). 
Expansie)n of this product ^delds the phe*ne)typic ratio ejf 3 : 0 :3 : 1 : 2 : I . 
This is the expecte'd ratie> in Fo involving twe) paiis of ge'ne's, in one e)f 
which there* is dominance, in the other no elominance^ 

To make this result concrete, horns anel color in e'attle may be use'd. 
The pe)lle‘d or hornless ce)ndition (P) is elominant ove'r he)rns (p), but 
rod (IF) and white (tc), as shown in C'hap. 5, are ne'ither elominant nor 
roe'cssive, the* heteie)zyge)to being roan. Were the^se* two pairs of charae;- 
ters inve)lv('d in one cre)ss, the offspring woulel have the^ ge*ne>type 
PpWw and would be pe)lle‘d and roan. Mating te)ge'the'r a number e)f 
these pe)Ile'ei roans we)uld ^neld the following kinds e)f e>iTs]n ing: 


Fraction 

Genotype 

Hr. 


Hr, ! 

ppWwS 

Hr, 

PPWwl 

Mr. 

PpWw S 

He 

PPwwl 

He 

Ppww ) 

He 

ppWW 

He 

ppWw 

He 

ppww 


Plienotypo 

Phenotypic 
i ratio 

Polled red 

1 

3 

r 

Polled roan 

6 

1 

% 

Polled white 

1 

3 

Horned red 

1 

Horned roan 

2 

Homed white ! 

! 1 
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Any other condition in which a heterozygote can be distinguished 
Irom both corresponding homozygotes wiU act in the same way to 
modify the Fj ratio. For example, the blood-group agglutinogens 
(Chap. 9) in man are both dominant; both are present in heterozygotes. 

uppose that a man of blood group AJB, having normal pigmentation 
(C ) of the skin but born of an albino mother (c) so that he is hetero- 
zygous for pigmentation, marries a woman (perhaps his cousin) who 
is likewise of blood group AB and heterozygous for pigmentation. 
Their genotype is AA^Cc. While their children would scarcely be 
numerous enough to faU into a typical F, ratio, that ratio would be 
expected to be 3 : 6 : 3 : 1 : 2 : 1 . The student is encouraged to verify this 
expectation by means of a checkerboard or otherwise and to allot the 

various combinations of blood group and color to the proper terms of 
the ratio. 

If both of the pairs of genes lack dominance, or in some other way 
enable the heterozygotc to be distinguished from the two corresponding 
homozygotcs, so that each pair by itself would produce an F 2 of three 
kinds in the ratio of 1:2:1, then the F 2 obtained from the two pairs in 
combination would be 1 :2: 1 :2:4:2: 1 :2: 1, which is derived from the 
product (1 + 2 + 1)(1 +2 + 1). This ratio may be made concrete 
by using color of flower and shape of leaf in snapdragons; for flowers 
which are heterozygous for red and white are pink, and plants which 
are heterozygous for broad leaves and narrow ones have leaves which 
are intermediate. It is left to the student to fit the nine different 
combinations of rcd-pink-white and broad-intermediate-narrow to the 
nine-term ratio just given. There is in this instance only one genotype 
for each phenotype, though some of the genotypes are repeated among 
the 16 F 2 combinations. 

Combination of Sex -linked and Autosomal Character. — A special 
situation exists when one character which is sex-linked is tested simul- 
taneously with another which is autosomal. The genetically well- 
known vinegar fly Drosophila furnishes many examples. One character 
involves the shape of the bristles. While the wild-type fly has bris- 
tles of a regularly and gently curved form ending in a single sharp 
point, a mutant type has irregularly crooked bristles often branched. 
These characters are sex-linked, the gene being in the X chromosome, 
and forked bristle is recessive. The other character chosen concerns 
body color. The wild-type color is usually called gray, and one of the 
mutants is black. The genes for these characters are in chromosome 
2, hence are not related to sox. Black is recessive. 

The cros.s is represented as between a forked gray female and a 
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JOl 




T' of a sex-linked and an autosomal character 

lorked bristle is sex-Imked, and recessive to single-tipped wild-type bristle Black 

body IS autosomal and recessive to wild-type gray (dotted in figure). X chromosomes 

Ch.m Y chromosome bent. /, gone for forked; b. gene for black 

howcr'T''" wild-type genes; the Y chromosome 

ho\vever, has no known genes relating to bristle shape. obome. 
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nonforked black male (Fig. 64). In the illustrations the bristle and a 
small portion of the body Avail, enough to show the color, are given. 
The shorter of the two chromosome pairs is the X (or XY), the longer 
one is chromosome 2. The Y chromosome in Drosophila is bent and 
is leprcsented as turned back at one end, as in an earlier illustration. 
It contains no gene that can be detected as bearing on either of the 
characters here used; hence, it may be regarded as “empty for the 
purpose of this example. 

In accord with a general practice among geneticists, AA’hich may now 
b(' introduced to advantage, only the mutant genes are marked. Any 
chi’omosome not marked is assumed to have the Avild-type genes in it. 
An unmarked X chromosome contains the nonforked gene (F), an 
unmarked second chromosome contains the gene for gray body {B). 

1 he A chromosome is unmarked but, as an exception, this does not 
imply an3^ Avild-type genes. 

With these explanations Fig. 64 should be fairly clear. The germ 
cells are represented by A'ertical chromosomes, one chromosome from 
each pair. While the original female produces but one kind of egg, 
the male, because of its XA^ chromosomes, produces tAvo kinds of 
speimatozoa, as in all instances of sex-linked inheritance in an XY 
species. Theie are consequently tAvo combinations in Fi, one of them 
yielding females, the other males. Xoav the males Avill inevitably 
contain the gene/, received from the mother, and AA'ill exhibit the forked 
bristles. 4 he females Avill be nonforked, and both sexes AA'ill be non- 
black (gray), because in each of them there is a AA’ild-type (dominant) 
gene in one of the chromosomes of the pertinent pair. 

Each sex in the Fi generation produces four kinds of germ cells, and 
these are combined in 16 Avays, Avhich are shoAA'n in the illustration after 
the manner used in earlier figures. It is clear at a glance that the ratio 
of gray to black is 3 : 1 (12:4), as Avould be true of any autosomal 
characters. The ratio of nonforked to forked, hoAA'ever, is 1 : 1 (8:8), 
as AA’Ould happen for any other sex-linked character inA'olved in a cross 
like the one here made. When the tAvo pairs of characters are com- 
bined, and if sex is taken into account, the F 2 generation is made up as 
folloAvs: 


^16 

nonforked gray 

9 

9 

} 16 

nonforked black 

9 

9 


forked gray 

9 

9 

} 16 

forked black 

9 

9 
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1 03 


•'*1,; iiuiit'orkcd ^ray o’ 
*16 uonforktai Mack cf 


3 16 forki't! jtniy 
' 1 0 forked Itlack 


cfcf 

SeP 


This ratio could liav(* been foretold at the outset by a brief calcula- 
tion. The ratio in F-j for an autosomal character (a;ray-black) with 
<lominance is 3:1, with the sexes ])roporl ionately represcuited. The 

ratio for a sex-linked charact(‘r, when the recessi\(‘ nuunbea- of th(‘ 
pair entered from tlu* XX (or ZZ) sex in the fu'st cross, is 1:1 with 
the sexes in the same j^rc^portion iti both classes. And finally, the I'at io 
of the sexes in any j»(‘n(*ralion is 1:1. Combiniu”; thes(‘ at random 
results in a ratio that is obtainc'd from the pioduct (3 + 1)(1 + 1) 

(1 + 1 ), oi' 3 : 1 :3 : 1 :3 : 1 :3 : 1 . 

In man, from the data of \ aJ-ious in\'es1 ij*;ators, it is suf^ji;est('d that 
harelip and cleft palate are due to a combination of on(‘ autosomal and 
one sex-linked gene. This explanation was offei-(‘d partly bt‘cause of 
the greater prevalence of the defect in mai(*s. 

Three Pairs of Genes.- -To illustrate the simultaiu'ous inheritance 
(tf thr(*e paiis of characters, those of rabbits may b(‘ used, two of them 
concerned with hair color, one with hair length, 'riu* two })airs of 
color genes are i)art of a more e.xtensi^'e scheme, and ccMtain assump- 
tions have to l)e matle n^ganiing the other members of the system, but 
these assumptions need not be stated here. One of the genes (*l) 
causes the pigment on eacli individtial hair to be broken u[) and limited 
to certain portions of the hair, making the general color agouti, or 
gray, the wild-type color of rabbits. The allele of this gene (a) causes 
the pigment to be uniformly spread along the hair, and in this example 
the color thus spread is assumed to be black. X'onagouti (black), as 
the small letter indicates, is recessive. The second pair of genes 
determines how dense the pigment is, d making it dilute, D intense. 
Black color accompanied by dd becomes “blue,” but with D it is deep 
black. Agouti accompanied by dd is light agouti, while with D it is 
the typical wild-type agouti. The third gene determines length of 
hair, I representing long hair (Angora), L short hair. 

In whatever combination the genes enter from the parents, the 
genotype of Fi is AaDdLl, and the phenotype is wild-type agouti and 
short-haired. The germ cells of Fi are of eight kinds in each sex, 
equally numerous, as follows: 
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Eggs 

Spermati 

ADL 

ADL 

ADI 

ADI 

AdL 

AdL 

(iDL 

alJL 

Adi 

Adl 

aDl 

aDl 

adL 

odL 

adl 

adl 


These are combined at random in fertilization, resulting in 64 com- 
binations among Avhich there are many duplicates. It is advisable 
for the beginner to prepare a checkerboard the first time he analyzes 
an F 2 generation involving thi’ee pairs of characters. The diagram 
must contain 64 squares. The eggs maj'' be written down the columns 
of squares, one kind of egg eight times in each column, and the eight 
kinds of spermatozoa along the horizontal rows. 

Then comes the inspection of the 64 genotypes to assign them to 
their proper phenotypes. There are but eight of these phenotypes, 
for the same reason that eight kinds of germ cells are produced by the 
F 1 animals. These eight phenotypes are, however, very unequal in 
numbers as follows: 

dark agouti short-haired 
®64 dark agouti Angora 
^^4 deep black short-haired 
%4 light agouti short-haired 
/64 deep black Angora 
?^4 light agouti Angora 
^^4 light black short-haired 
3^4 light black .\ngora 

The expression “dark agouti” would ordinarily be simply “agouti,”, 
“deep black” merely “black,” and “light black” only “blue”; but it 
seemed better in such a list to use three words, separately indicating 
the results of the three pairs of genes. 

It \vill be observed that the most numerous class, which makes up 
the whole F 2 , consists of those individuals exhibiting the 
dominant character of each pair. Each of the %4 classes exhibits 
two dominants and one recessive, but there are three combinations 
that meet this specification. Each of the ^^4 classes shows one dom- 
inant and two recessive characters, while the 3^4 class shows all of the 
recessives. 
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The F2 ratio for three pairs of ^enes, with dominance in eaeli pair, is 
merely the expansion of the pi oduet 

(3 + 1)(3 + 1)(3 + 1) = 27 + + 9 + 0 + 3 + H + 1. 

Studies of more than three pairs of charaeteis ar(‘ mostlv hevond 
the scope of an elementary presentation. 


PROBLEMS 


86. What hh ratios indicate tliat the f^randparc-nts of tliat giMieration ditTenal 
in just one pair of genes? 

86. How many pln*notypes are produced among tlie olTspring of self-fertilized 
AaHb if A and B are l»oth dondnant? How many if dominance is lacking in hotli 
pairs? How many if there is dominance in one pair, none in tlie other? 

87. Self-fertilizing MmXri yields what genotyp(*.s among the offspring? Do 
not repeat; name each one oidy once. 

88. Corn that is InacTOzygous for starchy and sugary grain and for white and 

purple endosperm appears starchy and i>uri)le. If a plant thus doubly hetero- 
zygous is self-fertilized and produces an ear with 320 grains, (a number) 

grains should be white and starchy, white and sugary, purjde and 

starchy, purple and sugary. 

89. A tall pea platit with inflated pods, crossed with a dwarf ])lant liaving 

inflated pods, produces 3(> tall inflated offspring, 30 dwarf inflated. 14 dwarf with 
constricted pods, ami 12 tall constricted. The 14 dwarf constricted ones all 
breed true in the next generation. The genotypes of the original jiarents, using 
I)d and Cc as symbols, were and 

90. A gray long-winged Drosophila i.s mated with a sooty vestigial-winged fly 
(ssw). They produce 29 gray vestigial offspring, 32 gray long. 28 sooty long and 
30 sooty vestigial. What was the genotype of the gray long-winged parent? 

91. If a doubly heterozygous red-eyed gray-bodied fly (SsEe) is mated to a 

doubly recessive safranin-cyed ebony-bodied fly (ssee) and they produce 240 
offspring, (a numfjcr) of these should be safranin gray and have the genotype 


92. A plant whose genotype is XxYy is seif-fertilized and produces 5 offspring 
having the phenotype xy. How many should have the phenotype Xy? How 
many XY? How many xY? 

93. One parent in a cross has the genotpye /fmm ; the offspring are 26 of one 

kind, 21 of another, 28 of a third, 25 of a fourth. The other parent’s genotvnc 
was 

94. In poultry, feathered shank (/*’) is dominant over clean shank (/); R 

produces rose, P produces pea comb, absence of both R and P produces single 

y ffRrPp is cros.sed with FfRrpp, what proportion of their offspring should have 
both clean shanks and single combs? 

96. Red and white eye in Drosophila are sex-linked, with red dominant* long 
and vestigial wing are autosomal, with long dominant. If a white long fcnmle is 
mated with a red vestigial, what are the phenotypes of the Fi flies, given for the 
sexes separately? What will be the phenotypes of F^, including their sex? 
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96. How many kinds of gorm colls would be produced by an animal whose 
genotype is Ff\'nSSPp’? What formula could you use to compute quickly the 
number of kinds of germ cells produced by an individual of any given genotype? 

97. In fowls, black phimage iR) is dominant over red, crest (C) dominant over 
plain head, and feathered foot iF) dominant over clean. If a black plain-headed 
feather-footed fowl is crossed with a red crested clean-footed one, and they produce 
5 Idack crested feathered, 6 black plain feathered, 1 black crested clean, 2 black 
plain clean, 4 red crested feathered, 5 red plain feathered, 1 red crested clean, and 
1 red plain clean, what were the genotypes of the parents? 

98. In radishes, crossing long with round produces oval, and crossing red and 
white yields purple. If an oval purple plant is crossed with a round red one and 
36 offspring are obtained, what phenotypes should be found among them and how 
manv of each? 


99. \\ hat must a florist do to obtain se('d that he can guarantee to produce 
oval purple radishes (see preceding problem)? If the purchaser obtains seed from 
his own plants and raises a crop from them the next year, what phenotypes should 
be found in it? A\ hich of these kinds of plants, if self-pollinated, would breed 
true the following year? 

100. Barred plumage in fowls is a dominant sex-linked character, black reces- 
sive. Creeper (short legs^ is dominant and auto.somal, but lethal in homozygotes. 
If a barred creeper hen is mated with a black creeper cock and they produce 18 
living offspring, how many of these shoidd bo barred creeper males? How many 
black normal-legged females? How man}' black creeper males? 
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It otton happt'ns tlvat which an* in iliilcrcait pairs <jf chi’omo- 

somes and arc tlu'rcforc indcp<aulcnt in their dist rihul i(jn to the froi-ni 
e(*lls, pool tlu'ir aeti\'itios when it {•omk^s to i)rodncing their ciiaractt'rs. 
'Fhoujrh each of the k‘‘ih*s may produce its own i)rimai-y chemical etVecI , 
the influence ot th(‘ir comhined produces on (h'veloprnent may yield 
something (‘ntir(‘ly iliderent and unpredictahh*. Such int(‘i-action may 




Fio 05.— A cliaructer caused by interaction genes. Walnut comb (C) is pro- 
duced when the dominant genes for pea comb (A) and rose comb (B) are both present 
in the same fowK * 

modify the ratio of tlie phenotypes in the Fj generation, but in the 
first example below it does not have that effect. 

Interaction between Dominant Genes.— Some breeds of fowls have 
what is called the pea comb (Fig. (15, ^), resulting from a dominant 
mutant gene (P) at a certain locus. Without this mutation (hence 
with p) the comb is of the high, thin, notched form which approaches 
the presumable wild-type comb of ancestral birds and which is called 
single. Crossing pea with single yields pea in F,, and pea and single 
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in the ratio of 3:1 in F 2 . In another chromosome there is, in certain 
varieties, a dominant mutant gene {R) that results in rose comb (Fig. 
G5, B). AVithout this mutation (hence with r) the comb is likewise 
single, and crossing rose with single gives rose in Fi and rose and single 
(3: 1) in F 2 . Interaction between the two dominant genes P and R is 
obtained by crossing pea- and rose-combed fowls. The pea-combed 
bird has the genotype PPrr, the rose-combed fowl ppRR, Their 
hybrid must be PpRr. A^ery unexpectedly (to one who has not made 
the test) its comb is like that in Fig. 65, C, which is called walnut. 
This new comb is the product of the combined action of P and R. 

The F 2 generation will consist of a class possessing at least one 
P and at least one R — and having the phenotype briefly designated 
PR’ — whose combs are walnut; a class of phenotype Pr which has 
pea combs; another class of phenotype pR which is rose-combed; 
and a Ke group phenotypically pr which has single combs. The ratio 
is not at all disturbed; there is merely an interaction between the two 
dominant genes affecting the comb such that a totally different form 
of comb is produced. 

Color in sweet peas also results from interaction between two dom- 
inant genes. To have colored flowers, a plant must have what is called 
a chroinogen (a basic substance out of which colored matter may be 
developed) and an enzyme which will convert the chromogen. Both 
the chromogen and the enzyme are colorless, but the two together 
produce color in the flowers. The dominant genes for these substances 
have commonly been designated C and Rj respectively. A sweet pea 
with the genotype CCrr is Avhite because it forms only the chromogen. 

A pea whose genotype is ccRR is likeAvise white, for it has only the 
enzyme. AV'hen they are crossed, however, the Fi plants are of 
the genotype CcRVy both chromogen and enzyme are produced, and the 
flowers arc colored. AA^hen these colored Fi plants are self-fertilized, 
the F 2 generation consists of a class whose phenotype would be 
indicated by CR, which is colored; a class Cr which has white 
flowers; a class which is cR and therefore white; and a class 
which is the doubly recessive cr, likewise white. ^ 

Here the ratio of the F 2 phenotypes is changed to 9:7, for the last 
three classes of the 9:3:3: 1 distribution are quite indistinguishable. 
Such modifications of expected ratios are quite common where genes 

' This common practice among geneticists should not prove confusing. When 
referring to the phenotype, a single symbol for each pair of characters designates 
the character and is not the formula of a germ cell, as a single symbol would other- 
wise be. 


INTERACTIONS OF GENES 


109 


interact. To get a 9:7 ratio the interacting genes must be such that 
neither one produces anything visible by itself, but the two together 
yield a perceptil)l(* product. 

Interaction between Recessive Genes. — In summer squashes, as 
already indicated (Fig. OF, disk-shaped fruit {D) is dominant over 
spherical (d). Now, there is aitother pair of genes also concerned with 
shape. One gc'ne at tliis other locus makes tlie fruit flisk-shaped, is 
ilominant, and may be symbolized by F (from flat}. Its allele (/} 
makes the fruit sphenical. Then* are tlius two kinds of spherical 
squashes, om* gt'notypically ddFF, the other Bc'ing homozygous 

for either d or/ makes the fruit splu'rical; but to be disk-shaped a fruit 
must contain botli 1) and F. 

If the two splnuical typ(*s arv crossed, theii* hybrid is DdFf, and it 
is disk-shap(‘d. If the \<\ is self-fertilized, the IF generation consists 
of a phenotypically DF which is disk-shapc'd ; a Df 

which is spherical; and a class dF which is likewise spherical. 
Finally, the j Fi t’hiss df, pc'rhaps not surprisingly, has elongatt'd fruit. 

There are two interactions here. Sinc(! disk shape napiires both 
D and I<\ these genes must cooperate to produce that form. This is 
comparable to the interaction that produce's walnut comb or colore'd 
sweet pe'as, since it occurs between two dominant ge'nes. The second 
inte'raction is be'tween the two recessive ge-nes d and /, to pre>duco 
elongate fruit. In this joint action, one gene may be re^garded as 
merely accentuating the effect of the other. For, taking disk fruit as 
the standard of comparison, spherical fruit itself is somewhat elongate. 
I'he two genes for spherical form merely increase this elongation. 

The IF ratio in this cross is 9:0:1. To yield this ratio, the two 

dominant genes, taken singly, must produce similar characters, and 

the two recessives, taken singly, must produce similar characters’- but 

the two dominants together or the two recessives together must produce 
something different. 

It IS difficult to prove specific interactions in man, but there is little 
question that they occur in abundance. A scheme of inheritance of 
human hair color adopted by Lenz involves several of them. As an 
example, the color he designates blond rests first of all on a recessive 
gene for general pigmentation of medium degree and next upon another 
recessive gene responsible for a lack of melanization (black pigment 
formation). There are other genes, and the whole system is described 
m a later chapter. The part here indicated illustrates interaction 
between recessive genes. The distinction between dominant and 
recessive in such interactions is not, however, important. 
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Modifiers. — When a gene produces no observable effect in one 
genetic background, but changes the character produced by another 
gene when that gene is present, it is called a modifier. One modifying 
gene was introduced into the preceding chapter without calling atten- 
tion to its nature. That gene is the diluting factor in rabbit color which 
changes black to “blue ” and agouti to light agouti. The diluting gene 
can be detected only in the pr-esence of a color gene or combination. 

Agouti itself is a modifier, for its effect is to rearrange the color 
(})lack or brown) produced by other genes. In the absence of the 



Fig. 06. — Polydact.\ ly in both hands and feet. Thumbs and great toes are either 
duplicated or branched. {,Fro7n Atwood and Pond in Journal of Heredity.) 


agouti gene the pigment is spread more or less uniformly along the 
hairs. AVith the agouti gene, the pigment is restricted by yellow. In 
the absence of the genes requisite to color of any kind (in an albino 
animal), the agouti gene cannot be expressed. 

Sometimes the dominance of one gene is modified by other genes. 
The bristle character knowm as forked in Drosophila (Fig. 64) is ordi- 
narily recessive; but in the presence of a certain other gene, which has 
no other known effect, forked shows to some extent even in a hetero- 
zygote. It is not at all unlikely that extra fingers in man (polydactyly, 
Fig. 66) has its dominance determined in a similar manner. It is well 
known from family histories that extra fingers may or may not show 
in a heterozygote. Figure 67 presents evidence of this capriciousness. 
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When presentj the extra lingers may be well developed or quite small 
(Fig. 68, contrasted with Fig. (Ui). This variable condition has long 
been known as ‘Trr(‘gular dominance.” From v hat is known of other 
animals, it seems probable that this varial)le expression of extra fingers 
is caused, not by any varial)ility of the polydactyly gene itself, but by 
certain other genes which may or ma^' not accomjjany it. It has been 
impossible to identify any such genes, or to tiace them through lines 
of descent, in man. If they (‘xist, they too are modifiers. 

Spotting factors limit tlu' distribution of colors in various organisms. 
( '(ilored beans homozygous for a spotting gem* are niottled, and colored 
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Fig. 07. Two family histories of polydactyly wliich, tOKcthcr, indicate that the 

character is sometimes recessive, sometimes dominant. {From MilUa in Journal of 
ilereaity.) 

mice homozygous for a spotting gone have white areas of variable size 
and shape along with colored ones. Mice without any color gene 
(albinos) cannot, of course, exhibit spots. 

So many examples of modifying genes have been discovered that it 
seems likely that every gene is thus related to others. Probably every 
gene has its effect partly determined by other genes and in turn is a 
modifier of other genes. Characters are thus produced not by certain 
genes but by the whole genetic complex or a considerable part of it. 

Dominance Modified by Sex.— .lust as dominance of forked bristles 
m Drosophila and perhaps of polydactyly in man is influenced by other 
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genes, so is dominance of certain characters dependent on sex. These 
characters are dominant in one sex, recessive in the other. Horns in 
sheep behave in this way, at least in certain breeds. In one breed both 
sexes are horned, though the horns of rams are larger than those of 
ewes. In another breed both sexes are hornless. AVhen these breeds 
are crossed, the male Fi offspring are horned, while the females are 
hornless. The character is not sex-linked, as one might first suppose on 
obtaining such a result, for both reciprocal crosses between the breeds 
yield the same distinction between the sexes. That is, in the first 
cross the horns may be introduced either through the female or through 
the male; in either case the male progeny are horned, the female horn- 
less. Were horns sex-linked, only one of the two reciprocal crosses 
would yield an Fi in which the sexes were different. 



Fig. 68. Skeletons of polydactyl liands illustrating, respectively, slight and inter- 
mediate development of extra fingers. Strong development is shown in Fig. 66. (From 
MUles in Journal of Heredity.) 

When an Fz generation is obtained from these Fi sheep, there are 
some horned and some hornless in each sex; but among the males the 
ratio is 3 horned to 1 hornless, while among the females it is 1 horned 
to 3 hornless. All these peculiarities are explained on the assumption 
that a heterozygote {Hh) has horns if it is a male, no horns if it is a 
female. One homozygote {HH) is horned regardless of sex; the other 
homozygote {hh) is hornless in either sex. 

Similarly, baldness in man appears to be dominant in men, recessive 
in women. There is, however, a difference in the degree of expression 
of the character in the two sexes; for women who are homozygous, and 
are regarded as bald, are seldom as free of hair on the scalp as markedly 
bald men are. 

Suppression of a Character in One Sex. — If sex physiology can 
prevent one gene of a pair from coming to expression, it should not be 
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surprising if hotli genes of a homozygote could be suppressed, 'i'his 
happens in the male of the clover butterfly. This species of butterfly 
is typically yellow, but it has a white variety. The white color is 
exhibited by femah's, which ha\ c‘ the gene foi* it, but never by the males. 
Even homozygous “white” males are not whit(\ Alalos transmit the 
white gene if th(‘y possess it (tran!smit it to all thc'ir offspring if homo- 
zygous), and tluur daughters may be white, but their sons are only 
yellow. Soniething in the male physiology prevcaits the white genes 
from producing any ^ isible (‘ff(‘cl even when tluae are two of them. 

Epistasis.-- ^^dl(‘n two genes occupying dilfei’ent loci (hence, not 
allelic to eacli otlu'r) affect tlu' sanu* teature of an organism, they often 
bear the ndation, one to the other, known as episla.'^is. This term has 
been uscmI in two staises. Sornetiim's it is used merely to mean that 
one gene depends on th(‘ presence of anotlu'r gene to produce any effect. 
The diluting gene alrc'ady n'ferred to in connection Avith hair color is 
an example. It has no (‘ffect unh'ss a color g(*ne accompanies it. 
IModifiers in g{*neral have no elf(‘ct unU'ss the gene whose action they 
arc capable' of changing go('s with tlu'in. Mammals in general must 
have a fundamental color gene C in ortlei- to lx; pigmented at all. 
A\ hat color they will exhibit is then deft-rmiru'd by one or more other 
genes. Some geneticists have used the word epistasis to indicate the 
relation of the overlying genes in all tlu'se examples to the genes on 
which they are (h'pendent. The genes of a mouse that determine the 
nature ot the color are all, in this sense, epistatic to the basic gene C. 
Modifiers arc epistatic to the genes they influence. 

Another and somewhat cruder but simpler form of epistasis is the 
concealment of one character by another. According to one proposed 
scheme of hair color in man, there is a gene for red pigment and another 
for black or brown pigment. When both genes are present, both pig- 
ments are produced; but if the black'pigment is heavy the red may be 
completely hidden. Black is then said to be epistatic to red. 

Inhibitors. A special form of epistasis is shown by inhibiting genes. 
One gene may entirely prevent another (nonallelic) gene from producing 
its character. The absence of color in White Leghorn fowls is due to an 
inhibitor. Such a fowl may have genes that Avould make it black, or 
brown, or barred; but, if the inhibiting gene (/) is present, the color 
genes are entirely inoperative and the plumage is white. The correct- 
ness of this explanation is attested by hybrid generations in which, due 
to the shuffling and recombination of the genes, some fowls receive 
the color genes and not the inhibitor, and consequently they are colored 

Sheep may also possess a dominant inhibiting gene that prevents 
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black color of their wool. Such sheep are Avhite but are capable of 
transmitting black color to some of their progeny in which the inhibitor 
may be absent. 

White color in squashes is a further example of inhibitors. The 
inheritance of white as contrasted with yellow has already been 
described in Chap. 11, Fig. 61. The story is not quite so simple as 
there told, however, for squashes may have a third color, green. 

is crossed with green, j’-ellow proves to be dominant over 
green, even though it is recessive to white. There must be a second 
pair of genes Yy, which determines whether the squash can be yellow 
or not. A squash of genotype wwYy is yellow, while wwyy is green. 
The inhibiting gene in squashes is W; when this is present, as in WwYY 
or WWyy, neither the yellow nor the green color can be produced, and 
the squash is white. 

It has been suggested that there may be in some human beings a 
gene inhibiting brown pigment in the iris of the eye. This suggestion 
is made to explain the occasional instances of brown-eyed children 
derived from parents both of whom are blue-eyed. As has been 
indicated (Fig. 32), ab.sence of brown pigment is recessive to its pres- 
ence; that is, blue is recessive to brown. Under these circumstances 
all l)lue-eyed persons should be homozygous, and two blue-eyed parents 
should have only blue-eyed children. The occurrence of a brown-eyed 
child in the family of two blue-eyed parents is thus exceptional and 
requires an explanation. One possibility is that one of the parents is 
blue-eyed because of an inhibitor. That parent is supposed to have 
a gene for brown pigment, but al.so a dominant inhibiting gene which 
prevents the pigment from developing. If such parent is heterozygous 
for the inhibitor {HBB or liBb), some of the offspring may receive the 
gene B but not 7. These offspring will be brown-eyed. 

Complex Interaction Groups.^iNIost interactions of genes probably 
involve a number of loci, even if only two have been discovered. Some 
rather complicated systems of interaction have been thoroughly 
established. One of the simplest schemes of multiple-gene interaction 


is that in which the genes at the several loci have similar effects and in 
which their product is cumulative. An example is red color in the 
grains of wheat, as contrasted with white grain. The red color is due 
to three pairs of genes, all having the same effect and perhaps, though 
not necessarily, equal effects. It is common practice among geneticists 
to symbolize such similar genes by subscripts to a common base — Ri, 
7?2, and Rz. None of these genes is dominant over its allele (ri, r^, Tz) 
which produces no red pigment, so that heterozygotes are intermediate. 


INTEUACTIOKS OF GEXES 


I 15 

rhus, ririr^r^rari is wliite, R ii' ir 2)- 2r 3)- 3 lias a little red color, and 
KJiiriririri has somewhat more red. Each pair behaves in the sam(> 
way, so that r ir iR 2R ii' 31' 3 is a little redder than i'ii'iR2r2r3r3. Now, the 
effects of the genes at different loci are cumulative. This means that 
Rir^r^riRzr, is darker red than irirsrjrar.-,, and iierhaps of about tlu' 
same color as ri?'ir2r2/i’.i/i’,i or riri/fj/i’orsr.'i. Any two genes, whether at 
th(“ same locus or at flitlerent loci, produce more red than one, three 
produce more than two, four more than three, and .so on. If it be 
assumed, as is approximately if not strietly true, that the genes at the 
thiee loci have equal effects, tlnai three genes inoduce a certain amount 
of red color no matter which of tlu- six jilaces they occupy. Four genes, 
m any of the positions, would produce a dei'per red, five genes still' 
deeper, while six would dutilicate the original rod variety, which is 

ffi/fi/t’j/fj/i'j/t'j. A hybrid generation (Fj or later) could thus include 
SIX different grades of red in addition to strictly white wheat. 

iMore complicated interactions occur when the genes at different 
loci have (lualitativcffy dilferimt effects, ('oat color in mice will serve 
as an illustration. With the omission of the vellow color, which has 
already Ix-en presented as lethal in homozygotes (Fig. 50 ), the system 
IS m part as follows. To be colored at all, a mouse must have the basic 
dominant gene C; if its genotype is cc it is albino. If in addition to C 
the mouse has the gene A, the pigment in the hairs is restrict(-d to cer- 
tain parts and the coat is agouti. In the absemee of . 1 , that is, in 
CCaa, the pigment is spread along the entire hairs and .solid color 
results. What that color is depends on still another pair of genes. If 
that pair includes li, the mouse is solid black, while hh is brown The 
effect of the agouti gone A is the .same for black and brown mice - but 
m mice with B it produces the typical wild agouti coat, while with bb 
the banding of the color on the individual hairs results in the color called 
cinnamon. Another pair of genes deU-rmines whether the pigment 
granules are clumped or are spread evenly. The clumped condition 
lesults m a dilute color (d) as contra.sted with the dense color (D) due 
o even distribution. Dilution affects any of the colors produced bv 
the other genes, so that there are dilute agouti, dilute black (blue) 
and dilute brown mice. Still another pair of genes (Pp) determines 
the amount of pigment. The mutant member (p) of this pair causes 
the ins of the eye to be reddish, owing to reduction of pigmLt and is 
known as the pink-eye gone. Its effect on the hair is likewise to’ reduce 

of tl^^T of pigment, giving the mouse a faded appearance. Any 
of the colors may be washed out by this pink-eye reduction just as 

uy may ho diluted by the clumping of the granules (d). Finally, 
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distribution of pigment over the body is governed by a sixth pair of 
genes {Ss). In individuals the pigment is restricted to spots, and 
mice of any color may be spotted. 

A wild-type mouse must have the dominant gene of each pair; 
hence, if tiue-breeding (homozygous) it must have the genotype 
CCAABBDDPPSS. Substitute for any one of these pairs their reces- 
sive mutant alleles, and a different kind of mouse is produced. 

Human hair color is probably as complicated as that of the smaller 
mammals, but conjectures concerning that system are reserved for a 
later chapter, where a number of hereditary traits in man are assembled 
for reference. 

Blending Characters. — The color of wheat, described in the preced- 
ing section, exemplifies what are known as blending characters. This 
name was applied to them because they did not appear to show the 
sharp segregation that IMendclian heredity ordinarily involves. The 
distinctive marks of a blending character are for the Fi generation to 
be intermediate between the parents (and fairly uniform among them- 
selves if the parents were homozygous) and for the F2 generation to 
break up into a variety of types ranging, by small steps, practically 
from one grandparental extreme to the other. These conditions arc 
met, it will be observed, in red and white wheat. When these two 
varieties are crossed, according to the scheme presented, each Fi plant 
will contain three of the six red genes {RiriR2r2Rzrz), and will be about 
half as red as the red variety. Since all Fi plants have the same geno- 
type, that generation has nearly uniform color. In the F2 generation, 
however, a plant may have any number of red genes from none at all 
to six. This generation is accordingly very variable in color. A small 
fraction of the plants should be fully red and an equal portion strictly 
white, while the bulk of them would be intermediate in various degrees. 

It is very common for quantitative characters, such as length, 
weight, or depth of color to be inherited according to the blending 
scheme. The probable explanation in most such instances is that 
many pairs of genes having somewhat similar effects are at work. 
There are other possibilities, such as multiple alleles, and one such 
possibility for human hair color is described in a later chapter. 

Modified F2 Ratios. — Often the geneticist^s interest in the inter- 
action of genes is less concerned with their physiological relation than 
with the discovery of puzzling genot3’^pes. If a character is early 
found not to be simple — that is, not differentiated by a single pair of 
genes — the first clue to the more complex situation is frequently 
furnished by the ratio of the phenotypes in F2. Experiments have 
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uncovered a number of typical ratios, each dependent on two or more 
pairs of genes, which bear certain relations to one another. When 
one of these ratios turns up in an F 2 generation, it is tentatively assunn'd 
that the genetic situation known to produce such a ratio is n^sponsilde. 
More specific tests can then la^ applied to obtain d('finite i>roof. 
Several of the common V 2 ratios, in addition to the 9:7 and 9:0:1 
aln'ady given, are considei-ed below. 

The Ratio 9:3:4. dh(‘ complex schenu* of color inheritance in 
mice offers an opportunity to obtain a ratio of 9:3:4 in i-b. To be 
colored at all, a mouse must pos.sess the gene C. Jf it has only cr at 
that locus, it is albino, even though a number of otlu'r g(‘nes for 
I)articular colors or distribution ot color may b(‘ present. To us(' onlv 
two of the genes belonging to this system, a.^sume that a mouse is of 
lli(' genotyp(' CCaa. Thv gene a is the nonagouli g<aie. which nu'ans 
that the mouse will be of solid color -.say. black. Another mouse, of 
genotype ccAA, will be albino, even though it has a g('ne (,1) that would 
make it agouti if it had color of any kind. If t he.>.e two mice are crossed 
their off.spring are CcAa- iaaice agouti. Mating these* F, mice among 
thems(‘l\'(‘s yie'lds the* tollowing l-b geaieration: 
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;nt„ 9,. 3. 4 because the last two classes are phenotypically identical 

this ratio regularly occurs when, of two interacting dominant genes 

one has a detectable effect by itself, while the other has none The 

The Ratio 12:3: 1.— In oats there is a variety with black chaff 
»n„ll„.r w„h wlmc. When , 1 ,.„ ,h„ hS M." k 



118 


HEREDITY 


chaff, and there was every expectation that the original black and 
white varieties would prove to differ in only one pair of genes and that 
the F 2 generation would divide between the black and the Avhite type 
in the ratio of 3:1. To the breeder’s surprise, however, while there 
were blacks and whites in F 2 , there was also a third class with gray 
chaff, and this kind Avas several times as abundant as the Avhite. 

The explanation A\'as that the black vaiiety had, in addition to the 
gene B for heavy black pigment, also the gene G for a smaller amount 
of black pigment, Avhich by itself Avould make the chaff gray. The 
black oats Avas thus of the genotype BBGG. Either the effect of G 
Avas completely concealed by that of B or the tAA’o genes cooperated to 
produce a result identical Avith that of B alone. The Avhite-chaffed 
oats had the recessive genes of both pairs {hhgg); hence, it had no 
pigment. 

The Fi generation A\as BhGg, and AAas black. The Fa generation 
consisted of ? f (j BG (using the customary AA*ay of indicating characters 
by just one symbol), q Bg, bG, and bg. The first tAA'o of these 
classes AAere indistinguishable, black; the third AA'as gray, the fourth 
was white. The phenotypic ratio is thus 12 black to 3 gray to 1 Avhite. 
It is deriA’ed from the 9:3:3: 1 ratio by combining the first tAvo terms. 

The 12:3:1 ratio is obtained from tAAo pairs of genes AA’hen each 
dominant gene has a A’isible effect by itself, but one of them conceals 
the other or the Iaa o cooperate to produce an effect identical AA'ith that 
of one of the genes alone. 

The 13 :3 Ratio. — As has already been noted in an earUer chapter, 
the Avhite plumage of White Leghorn foAvIs is nearly dominant over 
the colors black, broAAn, or barred. Since AA'hite plumage in some other 
breeds, the Wyandottes and Pl^’mouth Rocks for example, is recessiA^e 
to color, the dominance of the Leghorn Avhite is peculiar. The reason 
for the difference is that the AA'hite of Leghorns is due to an inhibiting 
gene (/), Avhich preA^ents the color genes, if any, from coming to expres- 
sion, Avhereas the Avhite of Wj'^andottes and Plymouth Rocks is due to 
the absence of genes producing color. 

When the breeds are crossed, these tAvo kinds of Avhite may be 
brought together. The AMiite Leghorn may be indicated by IlCCj 
the gene C being that for color, Avhich is inhibited by /. The A\Lite 
Wyandotte is iicc, since it lacks both the inhibitor and the basic color 
gene. The Fi foAA'ls are liCc — hence Avhite. The F 2 derived from 
them are IG, Ic, iC, and ic. Of these classes, three 
(IC, Ic, and ic) are AA’hite (the first because of the inhibitor, the third 
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bocausp no color gene is presoni wliile one (i(b coIohmI. The ratio 
in F-i is thus 13 white to 3 coIormI. 

Inhibiting genes are the primary caust* ol' tlii^ ])a.rficular modifica- 
tion of the 9:3:3; 1 ratio. 

Duplicate Genes. — Sometimes a. cliaractcr may be* produced by 
either one of two paii's of g(aics at <litfei-ent loci, 'riiese genes arc 
identical. If tliey are not cumulative in tlu'ir elfect, both pairs may 
exist in tlu* same iiuii\idual and still pi-odma* oidy lh(‘ character that 
either one alone w(»uld (k'termine. Sucli g('ne> arc known as (htpfiratr 
gtaies. I li(‘y do not atford an example of interaction of g<mes, but 
tliey do can.-ii' a striking modilication ol' the (‘\pect<*d ]-atio. 

One ot the earliest known instances ol' duplicati* geni's concei-ned 
shape of seed capsule in the weial sh(‘pherd’>-purs(‘. Among th(‘ 
several lorms that the s(‘<*d capsuh' may assume art* tlu^ common tri- 
angular one arul the s]>indle shajie. \\ luai jilants with triangular 
eaj)sules w(‘re crossed witli those luu ing spindk'-shaped capsuh's. Hh' 
I' 1 was triangular. 'I he I’ as was expected. di\ ided betwi'i'n tin* t wo 

foirns, but the triangular ones wtu'e much more abundant than three- 
fourths of tlie total. 

The i-eason for this unexpectedly large proportion of triangular 
capsules is that two genes, identical with each other, jiroduci' that 
shape, 'rhese genes have beem called C and 1). d'lie triangular- 
cupsuled plants were CCDJ), tlie spindle-shape.l redd. 'I'luar hybrid 
iCcD<l) had triangular capsules. When tiiesc^ double het(‘rozygotes 
were selt-lertiliz(‘d. the Ki F. combinations wc-re fliose shown in Fig. (><). 

I ho tormulas there shown are separat(‘d into tludr egg and pollen 
components but may easily be recast to biing the two genes of th(‘ 
same pair together as is usually done. Anv of these F-. plants which 
have at least one C or at least one 1) will have tria.iKular capsules. 
IlaviiiK both C arul I) does not alter the shapi', the capsule is still 
tiiauKular. Fifteen of the si.xtecn coinhinat ioirs thus yield triangular 
capsules, only one .spindle-.shapcl. This 1.5:1 ratio is rleiived from 
9;3:3: I by combining the liist three classes. Duplicate genes without 
cumulative effect are regularly expected to produce this modified ratio 

1 hat duplicate genes are the true explanation of the capsule shapes 
of shephei-d s-pui-se is readily shown by breeding the F, plants further. 

the various plants ot that generation be .self-fertilized, they pr oduce 
one or both kinds of offspring, depending on their genotypes. The 
latios placed below the illustrations in Fig. (19 indicate the pi-oportion 
ot triangular to spindle-shap(>d in the progeny of the lespectiye plants 
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The ratio 1 :0 means that all plants are triangular, while 0:1 indicates 
that all are spindle-shaped. The other ratios involve both types. 
Any plant that is homozygous for the recessive genes of one pair and 
heterozygous for the other pair yields triangular and spindle-shaped in 
the ratio of 3 : 1, while a plant heterozygous for both pairs produces the 
same types in the ratio of 15:1. Finding that certain proportions of 
the triangular F 2 plants yield these several ratios (1:0, 3:1, and 15:1) 
is evidence that duplicate genes are the correct explanation. 



1‘IG. 69. — Duplicate genes in the inheritance of the shape of seed capsule of shej)- 
lierd's-purse. The formulas are those of the Fi generation from a cro.ss between a 
varietj’ with triangular seed capsule and a variety with spindle-shaped seed capsule. 
If the plants of the Fa generation are self-fertilized, they produce triangular and spindle- 
shaped offspring in the ratios indicated in the respective squares. {From G. //. ShnU.) 

The origin of duplicate genes is almost certainly to be found in the 
doubling of the chromosomes. The species of shopherd’s-purse used 
in the foregoing experiments has 32 chromosomes per cell, but there is 
evidence that it came from a species having 16 chromosomes, merely by 
duplicating each chromosome. If there was one pair of genes for 
capsule shape in the 16-chromosome species, there would be two pairs 
in the 32-chromosome species. The two pairs would be identical in- 
nature. They would commonly be designated by the same letter vith 
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different subscripts (7'itiiind respect ivelyt, huttlie eai'lier designa- 
tions C and D liave here been preserved toc()i resi)ond to t lie illustration. 

Pairs of Genes. ]\Iodifietl I'atios are as much to b(‘ ('.xpi'ctial 
when three pairs of genes interact as when there are only two pair.'. 
One example will suffice to illustrate what hapiiens. Color in the 
flowers ot sweet peas has ah('ad\- been used to show the effect of inter- 
action between two gmics. One of the gem's {C ) produces a chromogen, 
the second (R) an enzyme that converts tin' chromogen into a coloreil 
substance. To the.se may now be added a third, gene B, a bluing 
lactor. If C and R are togi'thcr in a gi\-en ijlant, the flower is red. If 
m addition the plant has the gene B. the red is converted into purple. 

Suppose that a ijiant with the genotype CCRRhh (which is red) is 
crossed with one which is ccrrBB (which is white). The offsjning are 
CcRrBb, and are purple. ’W hen thc.se F, iilants an- self-fertilized, Oiey 
produce the kinds of F., shown in the following table, in which only tlm 
coinin^i: to o.xprossiori are shown: 


Fraction 

Kx pressed 
Kcnos 

Plx'iiotype 

1 

Ratio 

27 ' 

: V>4 

CRB 

1 

1 

I)urple 

1 

i 

27 


CRb 

red 

9 

K-i 

CrB 

1 

white 

i 

[ 

1 

%A 

cHB 

1 

white 

1 

H-i 

Crh 

white 



cUh 

white 

28 

H4 

crB j 

white 


H-i \ 

1 

crh ! 

wliite j 



The usual trihybrid ratio, which is indicated in the first column of 

the above table, is converted into 27:9:28 by combination of its last 

SIX terms. Some of the white plants are white because they lack the 

enzyme, some because they lack the chromogen, some because botl! 
chromogen and enzyme arc missing. 

PROBLEMS 

.s '■ 
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104. How many chromosomes in a leaf cell of shepherd’s-purse should contain 
tlie locus for capsule shape? 

106. If skin color in Negroes is produced by five pairs of genes, all equally 
potent, all lacking dominance, and having cumulative effects as between pairs, 
how many grades of mulattoes are there? 

you recognize “blending’’ inheritance (that is, 
inheritance dependent on multiple nondominant cumulative genes)? 

107. If an F. generation from a cross between homozygous rose- and pea- 
combed fowls includes 15 pea-combed fowls, how many rose should there be? 
How many single? What other phenotype, and how many? 

108. In corn, C and R are neces.sary for color of endosperm, which is red in the 
absence of any modifying gene. If P is likewise present with C and R, the endo- 
sperm is purple. With cither cc or rr the endosperm is white. If red corn CcRrpp 
is crossed with white ccRrPp. how many of th<‘ir 80 offspring sliould be white? 

109. white female clover butterfly IFw’ mated with a yellow male Ww 
produces 56 offspring. How many of these should be yellow females? How 
manv vellow males? White females? t\ hite males? 

110. If a triangular-capsuled shepherd ’s-purse of genotype Cedd is pollinated 
l)y a triangular-capsuh'd CcDd and they prodijce 80 offspring, how many of these 
sliould have spindle-shaped capsules? How many triangular? 

111. ^^'hat is the phenotype of a mou.se who.se genotype is CCaaBbddPpss? 

112. If a cross between two plants of shepherd’s-pursc with triangular capsules 
yielded 23 plants triangular and 3 spindle-.shaped, what genotypes could you 
assign to the parents? Js more than one answer possible? 

113. If in lh<* preceding problem the progeny had been 23 triangular and 8 
spindle-sliaped, wliat genotypes could the parents have? Give three answers. 

114. If a cross lietween red and white wheat is carried to the Fa generation, and 
this includes 7 whites among 118 plants, what is the genotype of the original red? 

116. If in the preceding pro]>lem there are 4 whites among 251 in Fo, what is the 
genotype of the original red? 

116. How many true-breeding strains of red wheat, differing in the degree of 
redness, could you establish out of the Fa generation of the preceding problem? 

117. One type of deafness in man results from either or both of two recessive 
genes at different loci: both of the dominants together give normal hearing. If a 
normal man marries a deaf woman, and five of their eight children are deaf, what 
genotypes could you assign to the parents? 

118. lialdness is dominant in men. recessive in women. A bald man whose 
wife has normal hair has a bald daughter and a nonbald son. \\ hat are the 
genotypes of the parents? If they had had four more sons, how many of them 
should have become bald? If they had had four more daughters, how many of 
these should have become bald? 

119. Two yellow clover butterflies have some yellow and some white female 
offspring. What are the genotj'pes of the parents? hat phenotypes may theii 

sons possess? 
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1 h(» (1('\ flopnient ()1 an orfranisni. or of any pait of if, rc^fs on the 
interplay of chemical and pliysical forces, dh.- f-enes are chemical 
and phy.sical units, workiiif-- in a chemical and idiysiiail laboratory, the 
protoplasm. The organism as a wlnde is in an environment tiiat is 
largely chemical and physical. It is ine\itahle. then, that some of flu' 
activities of some genes should he influenced hv sonu' features of the 
environment. The student of heredity is de<.,,lv com-eriu.d with thes,. 
influences.. Some of the best und.-rstood environmental agents and 
their known influences are described below. 

Influence of Temperature.— Among fhe numerous color varieties 
m the Chinese primula are one with re, I ami one with white flowers 
Under ordinary circumstam-es the.se two tyiies ai'e ,|uite .listiuct. each 
one brt'eding true. In greenhouses, where temperatui-es are apt to 

lo 22°C° II' ' 1° r’ T-"'''-" ^•■"bX'n.tures 

2 t) to 22 C ., the distinction IS maintained. Hut if a plant of there,! 
vanety i.s grown at a temperature of 3.5°( its flowers are white If a 
plant <if the red type is raised at IS'’!', until it begins to blo.ssom its 
tlouers being red, anti then is transferred to 3,5°C., the flowers that open 

"ill l>o white 

At the higher temperature flowers continue to open white; but if the 
p ant IS returned to the lower temperature, after a few davs the new 
Hovers open red as before. The effect of high temperature i.s stiTdlv 
chTnged"^ ^ flistingmshing the two varieties have not b,>,m 

In the vinegar fly Drosophila the eye is regularly large and elliptical • 
a gene 1 C modification results in the bar eye (Fig. 53), in which the 
separate elements or ommatidia are limited to an irregular vertical 
land. 1 he size of this band depends on the temperature at which the 
flie.s are raised ; the higher the temperature, the smaller the band At 
low emiugh temperatures bar eye is almost like the wild-type eye 
N estigial wing in the vinegar fly, a short and crumpled wing which 

ttmpe, atui c . High temperature makes the wings more nearl v normai 

123 ‘ ' 



124 


HEREDITY' 





but it must be applied to the larva; keeping the pupa warm has no such 
effect. The vestigial wing developed at ordinary temperature and that 
at high temperature are shown with the vild-type vdng in Fig. 70. 

In each of the foregoing examples the environmental effect is 
observed only in individuals having a certain gene. Primulas must 

have the red gene, Drosophila the dupli- 
cation (page 86) for bar eye, in order 
that temperature may have the effect 
indicated. Each of these varieties differs 
from the normal organisms by just the 
one pair of genes. 

Effect of Light. — The best known 
developmental influence of light is that 
upon wings in plant lice or aphids. 
These insects, in the parthenogenetic 
part of their reproductive cycle, may be 
cither winged or vingless. Just how 
genes are related to \\'ings is not known, 
but wings have a genetic basis, for differ- 
ent strains have different propensities to 
wing development, and they respond 
differently to light. One kind of aphid, 
under a given set of environmental con- 
ditions, may have vangs in 50 per cent of 
in only 2 per cent. In some strains of 
raised in continuous light are almost 
all wingless, while those reared in alternate light and darkness are 
almost all vinged. The winged and A^ngless members of this strain 
are presumably genetically alike but are made phenotypically different 
by light conditions. 

Light produces a Avell-kno^^’n darkening of the skin in human beings. 
Races of men are unlike in their skin pigmentation, and this distinction 
rests on differences in genes. AVhile no amount of tanning of the skin 
of a white person could deceive anyone into thinking that the darkened 
individual belonged to one of the colored races, the lack of confusion is 
partly due to the fact that races are distinguished by other things than 
skin color — shape of hair, features, etc. AVith respect to skin color 
alone, the influence of light on a white skin does tend to erase the racial 
distinction. 

Nutrition. — In the common weed called the teasel, the stems are 
normally' squarish. One variety, however, differs from the normal 


I'la. 70. — Effect of tempera- 
ture on vestigial wing in Droso- 
phila. A, vestigial at normal 
teiTiperature; B, at high tempera- 
ture; C, wilcl-type wing. {From 
Li and Tsui in Genetics.) 

individuals, another kind 
a certain species, aphids 
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type by one mutant gene and has as a ronso(|U('nce a t\vist(‘d sto 


(Fig. 71). Xot all possessors of the twist ( hI 
gene have twistc'd stems, liowever. Plants 
must be rather w(‘ll fed for tlu* torsion to 
develop. Good soil, ('iiough watt'i- and 
room, freedom from disturbance (hiring 
growth, are means of ])roviding tins nutri- 
tion. Set the plants in sandy or gra\'(‘lly 
soil, crowd th(*m. withhold water from 
them, or transplant them two or thrt'e 
times, and the stems n'main scjuan' (*\en 
in tlie twisted variety. Xo such influence 
of nutrition can lx* e.\(‘rted on the normal 
type. Desi)it(‘ any fa\()rable treatment 
with respect to tood, the common variety 
remains stjuare-steinmed. 

Many modifications of animals by differ- 
ences in nutrition have b(*en oliserved. A 



moth whose caterpillars normally eat only 
oak leaves may, liy being forced to fe(*d on 
walnut in these young stages, be made 
mucli paler. J^ullfinches develop darker 


lui. 71 Portion of toa.'.ol 
plant of oiu‘ varjct.\- xhowiriK 
t wisti'il .stotn. (Afti-r DfVric,^, 
1 he M uftidon Theory, Open 
Court Puh. Co.) 




feathers if fed liempseed. Green parrots of Soutli Ameriea, if fed on 
tile fat of eatfish, become variegated witl, red and yellow. In none 

t of these examples does the environmentally 

modified indi\idiial resemble a different 
genetic variety; yet tlie characters ehang(>d 
^ are undoubtedly det.'rmined by genes. 

Nutrition in develoijing embiyos is eajia- 
l)le of determining to some extent .such 
p'neral (lualities as size, vigor, and general 
health. The advantage gi\-en to fa\ored 

individuals in the developmental stages some- 
times hohls over to the adult. In mammals 
this environmental modification mav appear 

I X, ™>es of heredity because of 

embryo' in "t'bo utoru."of ,ho nutrition. The embi-jm is 

i "bother, 

nmbiiinii roKi. ’ ’ ‘ idicady digested food is received 

cord (Fig 72) The moH *™ placenta and umbilical 

G-ig. /2). The mother may therefore influence the qualities of 


IiG. 72. Mammalian 
ombryo in tho uteru.s of the 
mother, .'ihowing mode of 
mCrition. p, placenta; v, 
umbilieal eortl. 
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her offspring more than the father does in general physiological 
respects. Genetically the influence of the two parents is of the same 
degree except in sex-linked characters. But within the lifetime of the 

individual, particularly in early life, the mother may seem to be the 
more important. 

Moisture. A single example of the influence of moisture may be 
given. In Drosophila, each segment of the abdomen is marked by a 
dark stripe, extending across the body. In one of the mutant varieties 
of this fly, differing from the vild type in just one pair of genes, these 
bands of color may be interrupted, narrowed in places, or even lost, 
this mutation is called ^^abnormal abdomen.” To possess these 
irregular markings, however, the fly must grow up in ordinarily moist 
conditions. If its surroundings are exceptionally dry, as in a very old 
culture bottle, the disturbances may largely or even Avholly disappear, 
and the abdominal markings appear normal. 

Chemical Substances. — Since development is largely a chemical 
phenomenon, it would be expected that unusual substances present 
during growth would modify adult form very considerably. Mostly, 
however, attempts to modify organisms by chemical treatment have 
proved disastrous. It is hard not to make the treatment too severe, 
and inviable monsters result. Nevertheless, some aquatic Crustacea 
have been modified by putting small quantities of salts into the water 
in which they live. These animals have different forms of body, 
including a beak or protrusion of the head, in different strains. To 
some extent these differences are genetic, since the strains differ with 
respect to them under like conditions, though in no instance is it known 
how many pairs of genes are concerned in the distinction. Changing 
the salt content of the water has changed members of a long-beaked 
strain, for example, so as to make them resemble those having a short 
rounded beak. 

Hormones. — The most widespread success in chemical interference 
with genetic characters has been attained by the use of hormones in the 
vertebrate animals. Hormones are substances produced in ductless 
or endocrine glands (Fig. 73), or perhaps by tissues in general. From 
these glands or other places of origin, whatever their nature, they diffuse 
into the blood. There thev are carried about, come into contact with 
many different organs or tissues, and, to some of these organs, serve as 
chemical messengers. The hormones control in some degree the activi- 
ties of those parts which are responsive to them. In adult animals, 
physiological processes are thus controlled; in embryos, development 
is in part directed by them. 
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Important ondocrJno f^lan(ls arc the thyroid, the adrenal bodies 
closely associat('d with the kidneys, and tlu* pituitary at the l)ase ot 
the brain, ('eitain othei- organs best known foi- othei’ functions also 
produce emlocriiu' M‘creti<jns. Thus t lu' ])i’incipal r('productive organs, 
the ovaries and t('st(‘s, secrete* su})stanc(*s dire^ctlv intej tlu* blood, as 
also do(*s tlu* pancr<*as whose best understood function is tlu* produc- 
1 ion of a dige'st ive fluid. 

1 lu* tunctions ol these* glands ai<* (‘xcccdingly \'ariable. The 
tliyroid has primary conti-ol of the rate of metaboli-m. acce'lerates 
growth, and regula1(*s diffei'('ntiati<m. 'I'lirough tlu'so cai)acities, it 
noianally pr(‘\'ents such detc'cts as cictinism and myx(*dema. M(*ta- 
morphosis in trogs and salamanders, or tlu* t ran.-^formation of the tad- 




1 lo. I m) kin<l« of Klaiuts. At the left, with duet {d) ihroimli which Tlu 

socrelion ,.s disc har«.Hl into .sotne cavity or upoa a Mtrface. At the rinht. part of r 
du( tle^.-, Kland. the th\ ro»d. wl.ose ^;e<Tclioti leaves tlu* filand hv iliffusion into the hlo.u 
oujried by the artones (.1) and veln.^ (Ih scattojed through the organ. 


pole into the aelult, is dependent on a ))roper thyroid secr<*tion. The 
pituitary product‘s several hormones, by which' it regulates growth, 
controls the cyclical development of the reproductive organs, anti 
governs the actnity of several other endocrine glands. Adrenalin 
stimulates the sympatlietic nervous system, and through it affects the 
heart and blood vt^ssels, involuntary muscle action, and coagulation of 
the blood, d lie adrenals and , pituitary together govern color changes 
m frogs and other amphibia, by expanding or contracting the pigment 
ui certain cells of the skin. Insulin, which is produced by certain 
gioups of cell.*, m the pan(*reas, governs sugar metabolism and is impor- 
tant m the prevention of diabetes mellitus. The ovaries and testes 
pmduce internal secvMons that influence the development of .econdarv 
.sexual characters, to be described in a later chapter. 
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Hormone Modification of Inherited Characters. — Among the things 
altered by eiuloerine secretions are some that have a known and some- 
times lairly simple genetic basis. Cretinism, some kinds of goiter, 
hair growth, blood pressure, diabetes insipidus, and diabetes mellitus 
are in some degree inherited, as described in a later chapter, and their 
dependence on certain hormone conditions indicates the important 
relation which these substances ha\e to heredity. 

Kndocrine racial types have been distinguished b 3 ' some anthro- 

irologists, who describe the Caucasian as marked bj'strong development 

of the ihtuitary and adrenals, the Xegro as deficient in adrenals, and 

the Mongolian as defective in the thyroid. Certain biologists have 

suggested that .such features as slenderness or stockiness of build, 

baritone or tenor voice, alert or sluggish mentality, and long or round 

head are dependent on whether the tln-roid is highly effective or 

deficient . Along with this suggj'stion goes the companion notion that 

if the food of an individual habitually includes much iodine-containing 

material, the activity of the thyroid is thereby increased, and the 

coi 1 esponding structural changes follow. Sea foods in general contain 

more iodine than do the foods common in mo.st inland regions, and 

tho.se who see in the thyroid an important agency in the production of 

certain physical and mental characteristics stre not at a lo.ss for c.xamples 

of corresponding differences between coast dwellers and those far from 
the ocoan. 

Since racial characters are inherited characters, the supposed 
dependeaice of race distinctions upon hormones would constitute 
cliemical modification of genetic characters. 


Internal Environment. — 1 he Question may be raised AA'hcther, \\'ith 
respect to endocrine secretions, we are or are not dealing with the 
environment. Arc they not merely part of the physiological mechan- 
ism through which the pertinent characters are developed? If the 
hormones themselves are governed by genes, any characters that they 
modify are as purely genetic as are other characters in whose develop- 
ment the intermediaries are not known. The hormones Avould con- 
stitute an internal environment, but one which, if the above supposition 
were correct, would be Avholly controlled by the genotype. 

The endocrine secretions have, however, some variability, which is, 
or may be, independent of the genes. Thej'’ are not always present in 
the same quantit^^ nor have they always the same quality. Some of 
them are notably influenced by the diet and by mental and other 
I>hysiological states. The mode of life, degrees of comfort or hardship, 
would therefore have an important relation to hormones and hence to 
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development. Furthermore, the essential chemical principles of thes(‘ 
secretions may be extract(‘(l an<l aflministt'red in medical practic('. 
Important means of artificial control of inluaited characters are thus 
afforded. 

Heredity versus Environment. — The knowhulne tliat fr(‘netic charac- 

. environmental agencies, even to the (*xtent of 
making them resemble other genetic chai'acters, should effectively 
dispose of any notion that a finality (phenotypej must be either heredi- 
tary or en\'ironmental. One still hears asked the (luestion wind her 
this or that trait is her<Mlitary or environmental, with th(‘ implicaticai 
that these cat(‘gories are mutually exclusive. O'he fact is, it may be 
both. A (luality may propca-ly be said to be inlu'rited it it has a gfuielic 
basis of any sort, no matt(‘r how much it may b<‘ influenced by extf'inal 
ag(‘nci(*s. It t wo indi\ iduaF, in theii- d<'v(*lopment, rf'spond difterfaitly 
to the same environmf'iit, it is usually safe to say that the inspect in 
which they diih']- is a gemdic <iualify. hb-en if environment is much 
more influential than 1h(‘ gf-nes, the charact<‘r is still lu'reditary. And 
no matter how little environment changes (h^velopment, any trait thus 
modified is eiudronmental — as wfd! as gemdic. 

Qualities differ enormously in their df'gree of dependence on e.xtfU'nal 
factors. I'.ye color in man, as in the other mammals, is almost wholly 
fixed by the genes. Fingerprint patterns, sliort of acdual mutilation 
of the skin, are proliably nearly free of anv en\'ironmenf al influencf' 
except that which resides within the in<livi<luaL Stature, on the 
^mtrary, can be considerably modified by treatment sufficiently (‘arly. 
General vigor is likewise so governcfl in large; part, and comlitions bad 
enough may (‘asily undermine even the most perb'ct phy^^ique 

It is seldom profitable to estimate; the redative depeneleaice^ e>f a 

character on heredity anel environment. To sav that a eiualitv is 70 

per cent inherited has only a statistical significance, which might be^ 

of use to an insurance company when writing peiliciexs. .More is te) be 

gaineel by discovering the way in which both hereditv and environment 

inf uence It. This information, if gained, can then be applied to 
mdivulual cases. 
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123. Why did hormones onc-e contribute to the confusion of l.ercdity and 
environment as controlling influences in development? 

124. What human characters do you conceive to be most nearlv free from 
onvironmontal modification? 

126. If a disea.se is found to be cau.sed by an infective germ, and never develops 

in the alxsence of that germ, does that absolve heredity from anv responsibility 
tor the disease? ' ^ 

126. If means should he found of curing a hereditary defect or disease, would 

that make It undesirable to reduce the frequency of the causative gene in the 
population? ^ 

127. Of what advantage are identical twins in studies of the general subject 
matter of this chapter? Why are they more useful than fraternal twins? 
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In oarlior cha])1(‘i*s. wlion two pairs of ^(mk's were siinult aiK'ously 
studied, (‘xain])les \vert‘ so clioseu that j^cau's would he di.-^t rihutcal to 
tlie f^ei-rn cells iudep(Mulently. As a eon>c<iueiice of thoir random 
r(H’oml)inat ion in tin* rcaluetion di\ision. th(“ scweral classes of j>:enn cells 
produc(‘d hy a het(‘roz\’j^ous organism wei(* (‘(jually nuinei'ous. and th(‘ 
l)henotypic diliyhrid ratio in F-j was 9:3:3: 1 . ^\■herl in some of tlu'se 
c\ampl(‘s the gcau's int(‘rfered, or coopca-ated, with each otlua' in tlu' 



I'Ki. 74. — 


ild-t.N'pe I)rosf)pliilji. left, and its <*urlod-\vini; mutation, iiKht 
Mor(jtin, lindyrs, and Si arfciant in liihh'oyrn/thiti (rcin tica.) 


(Ftoth 


production of thtar characters, their distribution to the f^amett's was 

still free and random, and the V. ratio was some modification of the 

f).3.3. 1 ratio, such as 9:3:4 or 9:7. All this independ(aice rested on 

the fact that the two (or more) pairs of jrenos were in dih’erent pairs of 

chromosomes, and the chromosomes are independent in their placement 
on the reduction spindle. 

Linkage in Male Drosophila. — The story is ^'ery different when the 
two pairs ot genes are in tlie same pair of chromosomes. What happens 
will be better understood from concrete examples, and the first is taken 
trom among the numerous characters of Drosophila. One pair of genes 
concerns the .shape of the wings; the mid-type fly has flat wings which 
lest hoi-izontally, the mutant type curled wings (Fig. 74). The other 
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pair governs the color of the ocelli, the wild type being reddish-yellow 
tho mutant variet}^ white (Fig. G2). ^ 

These two pairs of genes are in the same pair of chromosomes, 
namely, the so-called third pair. The genes for shape of wings are 

located about the middle of these chro- 
mosomes, those for color of ocelli about 
halfwaj'' between the middle and one 
end, as diagrammatically illustrated in 
Fig. 75. Suppose that the mutant 
genes are matched against their wild- 
type alleles by crossing a fly having flat 
wings anti yellow ocelli (tlie wild-type characters) with one having 
curled wings and white ocelli, as in Fig. 76. In accordance with a 
common practice already outlined in an earlier experiment, only the 


Cu Wo 

cu wo 

I'lG. 75. — Cliromosorne pair 3 
in Drosophila with the gene.s for 
♦•iirlecl wing (cn) and white ocelli 
(»/'o) and their wild-t.\ pe alleles. 
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I'lo. 70. Linkage of genes for curled wing {cu) and white ocelli (wo) in Drosophila, 
as illustrated by a cross between a doubly heteroz^'gous Fi male and a doubly recessive 
(hence homozy gous) female. AVild-type genes are not marked. 


mutant genes are marked in the chromosomes. Any chromosome 
unmarked is thus shown to contain only Avild-type genes, vdth respect 
to all loci under consideration. The eggs of the wild-type female 
(left) tlius have only Avild-type genes; the spermatozoa of the male 
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(right) have tiie genes for curled and white oe(dli in tlu‘ same chromo- 
some. In the offspring, therefore, one chromosome of this pair has 
the two mutant genes cu and wo^ while the other lias no mutant genes 
(that is, it contains Cu and H e). These Fi flies ha\'e. of course, flat 
wings and yellow oc(*lli. 

A male is now <'hosen from the Yi generation, and mated with a 
doubly recessive female out of the curled whit(‘ stoc k. SI le has th(^ 
genes cu and wo in both of her chromosomes of th(' third pair. This 
homozygous female i)roduces only one kind of egg. ru wo, with both of 
these genes in the same chromosome. 'I'he male shows now the 
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effect of the linkage. While in all c.xamples so far presented an indi- 
vidual that IS heterozygous for two pairs of genes produces four kinds 
of germ cells, tins male produces only two kinds of spermatozoa. At 
the I eduction division the chromosomes separate, the wild-type chro- 
mosome going to one spermatocyte, the c« leo chromosome going to 

l^ic.^ i Th Y’ n «P--atozoa are thus pro- 

duced. 1 hey should be equally numerous. 
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When these two kinds of spermatozoa fertilize the one kind of egg, 
two kinds of testcross offspring are produced. One kind has the wild- 
type characters, flat and yellow, and is heterozygous; the other kind 
IS curled and white. They are present in about the same ratio as were 
the two kinds of spermatozoa, namely, 1:1. 

Linkage in Female Drosophila.— An important modification of the 
linkage phenomenon is shown by the female. To illustrate this dif- 
ference, let the cross involving curled wing and white ocelli be repeated; 
and to introduce variety, use a female having white ocelli (otherwise 
wild type, hence with flat wings) and a curled male (otherwise wild 
type, that is, with yellow ocelli). The cross is illustrated in Fig. 77. 
Ihe eggs of the female are all wo, the spermatozoa of the male all cu. 
The Fi flies are therefore heterozygous for both genes — hence are vald 



type, with flat wings and yellow ocelli; 
but wo is in one chromosome 3, cu is 
in the other chromosome of the same 


wo 


cu 


wo 


cu 


wo 


Fig. 78. — Diagram illustrating 
how two mutated genes in different 
chromosomes of the same })air may 
come to lie in the same chromo- 
some, leaving wild-tj'pe genes at 
both loci in the other chromosome. 


: — y 

cu wo To proceed with the linkage test, 

let a female F i be mated with a doubly 
~ ■ TX - recessive male {cucii wowo). The male 

produces only one kind of spermato- 

zoon (cu wo). The doubly heterozy- 

cu wo gous female, however, produces several 

Fig. 78. — Diagram illustrating kinds of eggs. Pier chromosomes of 
how two mutated genes in different • o a 'xl .1 • 

chromosomes of the same i>air niay pail o SCpaiate Vlthout change in the 

come to lie in the same chromo- reduction division in most of the 
both loci in the other chromosome. tCS, and theie result SOme eggs 

containing cu and others with wo, in 
about equal numbers. Not all the oocytes behave this way, however. 
In some of them the chromosomes of pair 3 effect an exchange, such as 
is diagrammatically shown in Fig. 78. The two chromosomes break at 
some point between the locus of cu and that of wo, and the pieces are 
recombined. As newly constituted, the one chromosome contains 
both cu and wo, while the other has both wild type alleles. When 
cells that have expenenced this exchange undergo reduction, two 
additional kinds of eggs are produced, namely, AWld type and cu wo. 

About 74 per cent of all oocytes retain their chromosomes of pair 
3 intact, so that 37 per cent of the eggs are cu, 37 per cent wo. In 
the remaining 26 per cent the chromosomes break between cu and 
wo and exchange parts. Hence, 13 per cent of the eggs are cu 
wo, 13 per cent wild type {Cu TFo). When these eggs are ferti- 
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by the cu ivo sporniatozoa, four kinds of offsprint^ pro- 

duced, as illustratc'd in the lower part of Fia. 77. XaturaII\' these 
four kinds of oftsin’inK hoar tho satnc imincrical relation to one another 
as (lid the four kinds of efjgs, for they are tlie same individuals with 
identical spermatozoa added, d'heir ratio is thus 37:37: 13: 13. 

Proof of Linkage. — 1 hough th(' order of e^•ents is that deserihial in 
the preceding sc'ctions, linkag(* is disco^’el■ed in eoneretf' (‘xam|)Ies hv 
reasoiung backward. One infers what happens from the adult offspring 
produced in crosses. For e.xample, in Fig. 7(i, when the la.st cross 
results in only two kinds of offspring in epual numbers, it is known that 
the lather (the only heterozygous parent , produced only two kinds (rf 
spermatozoa in e(iual nundrers. Furt lu-rmore, from the characters of 
the offspi ing it is known that one ot tin* kinds ol spermatozoa had th(‘ 
genes cu and wo, the other kind their wild-type alleles. It is obvious 
that these chromo.somes have gone over to the germ cells without 

change. 1 hat is, there lau'e been no breakage of the chromosomes 
and recombination of their parts. 

In I'ig. /7, when the last cro.ss yields four kinds of offspring in the 
ratio of 37:37:13:13, it is known that the eggs of the mother (the 
heterozygous parent) produced four kinds of eggs likewise in the ratio 
of 37:37: 13: 13. The characters of tlu‘ offs|)ring also show what genes 
were m each of these kinds of eggs. They In•o^•(' that the two more 
numerous clas.ses had the same genes as did the n'spective parents of 
the heterozygous female, ddurse two clas.ses must therefore have 
received unbroken, unrecombined chromo.somes from the reduction 
division. The two minority classes of eggs are similarly shown to 
contain chromosomes reconstituted through breakage and exchange of 
pieces. lo explain the 37:37:13:13 ratio, it is neces.sary to assume 
that in / I per cent of the oocytes tho chromo.somes of pair 3 remain 
intact aUeast they do not break between cu and wo, while in 2(1 per 
cent of the oocytes such breakage and recombination occur 

The argument thus leads back from ratios of offspring and the 

characters they pos.ses.s, to the behavior of the chromo.somes nece.ssary 
to explain those ratios and chai acters. 

of f Crossing Over.— The breakage and recombination of parts 

chiomosi^mes are known as crossing over. It may happen at more 
than one place m the length ol a chromosome pair. To detect the 
addffional crossing o^.r, it is necessary to have more heteroz^gou; 
pairs of genes as markers. Specifically, the number of markerrmust 
be one merre than the number of crossovers to be discoveiS To 
prove double crossing over, therefore, the chromosomes must' have 
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unlike genes at each of three loci; to discover triple crossing over 
requires lour loci with heterozygous genes. 

I 1 T“, double crossing over concretely, take the characters 

black body {b), curved wing (c, different from curled, cu), and plexus 
or irregular wing veins {px), all in chromosome 2 in Drosophila. If a 
black curved plexus fly is crossed vith the wild type, their offspring 
will have the composition shown in Fig. 79, A. When these Fi flies 
produce their germ cells, oocytes in which the chromosomes of this 
pair remain intact yield two kinds of eggs, h c px and wild type If 
single crossing over occurs between h and c (Fig. 79, B), the resulting 
geim cells are h and c px (omitting mention of wild-type genes) 
Single crossing over between c and px yields eggs that are h c and px, 


^ 5 '$^|Noncrossovers 



c 

D 




■b 

c px 

D C 

px 

b px 
c 


Single 

Crossovers 


1 Double 
iCrossovers 


rurvorl* JiL involving the genes for black body (b), 

■ilso tlw. il ’ f indicate wild-type genes, as docs 

.ilso the <ibsence of any indicated mutate<l genes. 


respectively (C). Finally, if there is doul)le 
germ cells are b px and c. 


crossing over (Z)), the 


Proof that these eiglit kinds of eggs are produced would be obtained 
by mating the i lemales to males homozygous for all three recessives 
(hh cc pxpx). 1 he offspring woidd show the various recessive charac- 
ters for which there are genes in the several kinds of eggs in Fig. 79. 
1 he flies lesulting from double crossover eggs would have curved wings, 
or they would be black-bodied Avith plexus wing veins (omitting men- 
tion as usual of the wild-type characters). 

Crossing Over and Sex. — In Drosophila there is an important dif- 
ference between the sexes AAith respect to linkage, AATiile crossing over 
occui's in the female, there is under ordinary circumstances none in the 
male. In certain stocks of these flies it has been found possible to 
induce crossing over in the male by high temperature and by X rays, 
and such exchange may happen in very rare indiv-iduals under ordinary 

conditions; but in typical experiments these possibilities may be 
ignored. 
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In at least one other organism, the silkworm moth, then' is a similar 

ditferenee between the sexes, but their relaticjiis are reversed. I'hen' 

is crossing over in the male but noiu' in the female. The reason for this 

distinction between the sexes is unknown for eitlu'r animal, but tlu' 

leversal in the silkworm as compared to Drosophila is doubtless 

part of the reversed relation of sex to chromosomes in tlu'se sp(*eir's 
(page 05). 

In most organisms, however, both animals and plants, crossing 
over occurs in both sex('s. Moreover, there is no striking difference 
in the frecpiency of that ('xchange in the two st'xes. t'nh'ss it is 
specified in a paiticular (‘.xamplc* that it is Drosophila (s(‘^■eral specie's) 

or the silkworm moth that is involvt'd in linkage'. e*rossing ove'r should 
be assumeel in ('it her sex. 

Chromosome Maps.— 'I'he ge'iu's c/e and wo us(mI to illust rate linkage 
were assigne'd definite locatieais in the third chre.mosome. How is'it 
known wlicro those fjonos ai'o? Tlioy cannot ho rooofinizo.l in a mioro- 
soopo. Kvon in the Rroatly onlai-jrod salivary-friand oliiomosomos 
(Idg. It)), where ])erhaps tin- genes may he identilied witli the disks oi- 
erosshands, the tests whieii would indicate which of these disks are 
c„ and wo have not yet laa-n made. Knowledge of tl.e position of genes 
comes from linkage experiments. It is assumed that crossing ovei- 
(hreakage oi chromosomes) occurs at random throughout tlie length 
ot the c}iromosome.s. This is not a wholly correct assumption, for it 
IS known that certain regions of a eliromosome hreak somewhat more 
readily than others; hut the supposed indiscriminate placement of the 
hreakages may stand for this discussion. 

Now, cros.sing over can he di.scovered by genetic experiments onlv 
when the Chromosomes hreak at some point between tiN o pairs of genes 
ioi which the individual is heterozygous. Breakage mav occur at 

Idle of'tT"'\'"‘l’I heterozygous pair of genes on each 

side of this break to serve as markers, the crossover is not detected 

these pans of heterozygous genes are far apart and the chromosome 
h.eakages occur at various points at random, many crossovers should 
occur between them and be discovered; if the pairs of genes are close 
together, recognized crossovers will be few. Under these circum- 
stances, the distance between the marking genes is judged from the 
number of breakages between them. If btakage'„ 

K< no^ a and b in 10 per cent of the oocytes, these genes are a certain 
< istance apart; if breakage between a and c occurs in 20 per cent of the 
oocytes, a and c are twice as far apart as a and h are 

he data just po.stulated permit a beginning of the mapping of the 
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chromosome. Genes a and h are placed somewhere on the' chromo- 
some, at a distance from each other which is assumed to allow 10 per 
cent ol crossing over (Fig. 80). Gene c must then be placed twice that 
distance from a. There are, however, two positions that fulfill this 
requirement, one beyond 6 to the right, one to the left of a, as shown 
by the second and third lines of Fig. 80. AVhich of these is the correct 

• lx • c in a linkage experiment. If it 

IS found that crossing over (breakage) between h and c occurs in about 

10 per cent of the oocytes, c is placed to the right; but if crossing over 

between h and c occurs in about 30 per cent of all oocytes, c is placed 

20 units to the left of a. The unit is a distance that permits 1 per cent 
of crossing over. 

Let it be assumed that c is to the left of a. Another gene, d, is now 
used with one of the located genes, perhaps b, in a linkage experiment. 


Fig. 80 . 
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Karly .steps in the mapping of a elironiosoinc. The numbers refer to the 
per centages of crossing over, hence distances, between the genes. 


If It IS found to be 0 units from 6, and in another experiment using d 

and a is found to be 4 units from a, gene d is placed between a and If, 

as in the fourth map of lig. 80. Suppose gene e is subsequently found 

to be 22 units from a and 42 units from c. It is accordingly located 

on the map 12 units to the right of h. Further new genes are added by 

testing them with 2 genes whose loci are already known and by placing 

them on the map at the place that will satisfy both distances thus 
determined. 

After a considerable number of genes have thus been placed, one 
gene is found to occupy one extreme position beyond which no new 
gene has been located, another gene is located at the other end of the 
low. 4 hese genes are then assumed to be near the ends of the chro- 
mosomes, and one end is arbitrarily called “left,” the other “right.” 

4 hese terms are mere conveniences, however. In making a map the 
earliest known gene is set down somewhere, and the next one known 
or located is put to the right of it, so that right and left depend merely 
on the order of discovery or testing. 4'he gene that has held theextreme 
left position for a long time is then assigned the locus 0, and others are 
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given numbers that represent their aseerlained distances from om‘ 
another. 

Maps showing a i)artial list of the genes located in tlu' four chromo- 
some pairs of J)rosoi)hila are sliown in Fig. 81. The left end is at th(‘ 
top. right at tiu' bottom. Tlu' gene for curled wing {cu) is at locus 50 
of chromosome 8 and tliat for white ocelli (a-e) is at locus 70.2. They 
are placed 2(>.2 units a.i)art la'cause cro.ssing o\-<‘r occui-s between them 
in 20.2 per cent ot tlu' o(')cytes. 1* rom these mai)s. by noting the loci 
oi any two gtau's, llic amount of crossing over that might b(‘ ('.\pected 
to take place betwcam them can l)e estimated, d'hus, if vestigial wing, 
which is at U)cus 07 in chromosome 2, were tested witli brown eye, 

whose locus is 2-105, tlu're should be aixmt 38 pvr cent of crossing over 
between them. 

Linkage Ratios in F-j. \\ hih' test crosst^s are the best mcasurc.s of 
hnkag(', Ix'cause the p(*rcentages (»f crossing over can be read off 
directly in the proportions of tlx^ different clas.ses of offspring, linkage 
can usually be dctcctal in F-, generations becau.se of the ptx-uliar ratios 
which lesult. this is particularly tru(‘ in Drosophila because of the 
absence of crossing over in the male, and it is true in other organisms 
if the linked genes are V(‘ry close together. Some practice in determin- 
ing F 2 ratios in various linkage situations is de>iral)le. 

The genotype of a doulile heterozygote, if linkage is involved, must 

be written in such a way as to show which genes are in one chromosome, 

which in the other. If both dominant genes an^ in one chromosome' 

both recessives in the other, the formula is CD~cd or {CD){cd). If 

there are one dominant and one recessive in each chromosome tlu* 

genotype is Cd^cl) or (CV/){c/>). The F^ ratio depends on wdiich 
arrangement pre^'ails. 

Suppose that the double heterozygotc is CD-cd and that there is 

40 per cent of erossing over between the two irairs of genes. Assume 

iurthei- that tlie organism is Drosophila, with no crossing over in the 

male. I he female CD-cd produces eggs of which 30 per cent are CD 

30 pel cent cd, 20 per cent Cd, and 20 per cent cD. The male CD-cd 

produces only two kinds of spermatozoa, of which 50 per cent are CD 
and 50 per cent cd. 

IIow these eggs and .sperm.atozoa are combined mav be ascertained 

by a calculation that resembles algebraic multiplication. The ner- 

centages are converted into decimal fractions, and the multiplication 
problem is set down thus: 

0.3 CD + 0.3 cd + 0.2 Cd + 0.2 cD 
0.5 CD -|- 0.5 cd 
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yellow (0) 

Hotry winq (W) 
Scute CH) 
lethal -7' 
broad (W) 
prune CE) 
whiteCe) 
foce+CE) 

Notch CE) 
Abnormal (8) 
echinus (F) 
b if id CW) 
ruby CE) 
crossveinless CW) 
club (W) 
delfexCW) 

Cut (W) 
singed fH) 

ten CB) 
lozenge (E7 


'J- telegraph (W7 
2 S+ar CE) 

3.± aristaless CB) 

expanded (W) 

12. t Gull (W) 

13. Truncatefw) 
14.i dachsous CB) 
16. Streak (B) 


0- roughoid CE) 


bent Cw) 
shaven CB) 
eyeless Ce) 
rotated CB) 
Minute-IY Ch) 


33. vermillionCE) 

36.1 miniatureCw) 
362 dusky CW) 

38.t furrowed CE) 

43 sable CB) 

444 garnet CE) 


31. dachs Cb) 
35. Ski - n Cw) 

41. Jammed Cw) 

46.± Minute^e Ch) 
485 black Cb) 

48.7 Jaunty Cw) 


20. divergent (w) 


26. sepia CE) 
265 hoiryCB) 


54.2 small wing 
545 rudtmen1(iry(W) 

566 forked CH) 

57. Bar CE) , ^ . 

585 Small eye t P'Ok-wIngCEW) T 

59. fused <w) I 

596 Beodex CW) +67, 

62. Minote-n (h) + 68.t 

65. cleft CW) 


+ 72. Lobe Cf) 


— -1 70. bebbedCH) I 755 



545 purple CE) 
57.5 cinnaborCE) 
60.t safranin CE) 


vestigial Cw) 
telescope (W) 


gap (W) 
curved CW) 


♦ 835 fringed Cw) 


35. rose CE) 

36.2 cream-DI CE) 

40.1 Minute-h CH) 

40.2 tiltCW) 

40.4 Dichaete CH) 

42.2 thread CB) 

44. scarlet CE) 

48. pink (E) 

49.7 maroon CE) 
\I50t dwarf Cb) 

|50. Curled (W) 

548 Hairy wing supr 

68.2 Stubble 

58.5 spinelessCH) 

\ 58.7 bithoraxCS) 

''59.5 bithorax-b 
‘. 62. stripe CB) 

'65.f glass CE) 

66.2 Delta Cw) 

69.5 hairless Ch) 

- 70.7 ebony CB) 

+ 72. band CB) 

757 cardinal Ce) 
762 white ocelli CE) 


90. humpy Cb) 


99.5 arc C^) 

100.5 plexus Cw) 
I02.t Wthat'lta 
1105 brown CE) 
■ll05.± blis^red^) 

106. purpleoidCE) 
B07.1 moruJaCET 
■{|07. speckCB) 

107.5 balloon (w) 


91. 1 rough Ce) 

93. crumpled Cw) 
93B Beaded CW) 

94.1 Painted Cw) 

100.7 claret Ce) 

101. Minute CH) 


+ 1052 Minu+e-a Ch) 


male fertility 


Long bristled 


male fertility 


I'lti. 81. Partial maps of the chromosomes in Drosophila melanogasier. The 
letters in parentheses indicate the part of the body affected. B, body; E, eye; H, hairs; 
W, wings. Arrows point to attachment of spindle fibers. Locations in Y chromosome 
are not prcciselj’ known. Those in chromosome 4 are too closely linked for significant 
separation. (From Sharp, Irifroduction to Cytology, after ^lorgan, Sturtevarit and 
Bridges, and Stern.) 
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The coefficients, indicating the pix>portions of the kinds of g(Min cells, 
are really multiplied. The formulas of the geim cells are not multi- 
plied, hut merely combined to ftjrm the gtaiotype of one class of the 
offspring. In the offspring, the more usual formula may la* used, not 
the one showing the arrangement of linkt'd genes in the chromosomes, 
since the kinds of germ cells the offspring will produce are of no interest 
liere. 

The first partial product in this multiplication is 0.15 CCDD. The 
student will he allowed to carry out the remainder of the operation. 
When this is done, and the various partial product^ are collectiMl into 
their respective pluaiotypes (appearances), it is found that the ratio 
is ().(>5 ( l);0.1o cd;().l() ( diO.IO cl) or h'ii3!*2;2. ere thi' genes 
indei>endent, this ratio would he 9 ( ']) : 1 cd ( 'd :3 cl). The existence 
of linkage is thus demonst rati'd hy the ohs('r\-ed j’atio. 

It the oi’ganism used is not 1 )roso]>hila, so that there is crossing o^■er 
in both sex(\Sj th(‘ otlu'r assumjitions niad(' in tlu* toix'going (‘xample 
would result in both {‘ggs and spermatfjzoa 3t) jx'r cent CD, 30 per cent 

c(l, 20 per cent CV, and 20 per cent cJ). mult iplication thus 

becomes: 

0.3 Cl) + 0.3 C(l 4- 0.2 (V/ + 0.2 rl) 

0.3 Cl) 4 0.3 c(l 4 0.2 Cd 4 0.2 rl) 

If this multiplication is comjjleted, and all ot the same jihenotype 

collected together, the ratio is found to b(' 59 ( ’I ) : 9 cd : I 0 ( 'd ; 1 (i c I ). 

Again it is different from the 9: 1 :3 :3 expected from independent genes, 
though not so strikingly different. 

Next, assume that the linkage in the doubk' h(‘terozygote is Cd-cD 
and that there is no crossing over in the male, d’he problem is: 

0.3 Cd 4 0.3 cl) 4 0.2 CD 4 0.2 cd 
0.5 Cd 4 0.5 cl) 

From this the phenotypic ratio in F., is 2 CD : 1 Cd ; 1 cD. There is no 

cd class at all— a very easily detected indication of linkage. 

hinally, let the linkage arrangement be Cd-cD, and assume that as 

m most species there is crossing over in the male. The multiplica- 
tion is: 

0.3 Cd + 0.3 cD + 0.2 CD + 0.2 cd 
0.3 Cd + 0.3 cD + 0.2 CD + 0.2 cd 

3 he completed product, arranged into its phenotypes, is in the ratio 

54 ('D;21 ('d:21 eD:4 cd. Perhaps this would not be recognized as 
a result of linkage, since it might pass for 9:3:3; 1. 



142 


heredity 


Fiom most ot the ratios described in this section there is no simple 
or diicct May of determining ivhat the percentage of crossing over is. 
One of them gn-es absolutely no clue to that percentage. For species 
in which there is equal cro.ssing over in both sexes, there are methods 
M hich enable one to ascertain the amount of crossing over, but these 
methods are scarcely suitable for elementaiy work. 

Number of Linkage Groups.— The characters of any organism 
ivhich are linked nuth each other because their genes are all in one pair 
of chromosomes constitute ivhat is called a linkage group. Any tivo 
or more characters irithin one such group are linked; any tivo or more 
characters all of different linkage groups are independent in distribution. 

d he number of linkage groups in any animal or plant is the number 
of chromosome pairs. Only in a species that is genetically very well 
understood could characters of all of these groups be known. For 
Drosophila, the best understood species has long had on record the 
lour linkage groups assigned to its four pairs of chi-omosomes; and these 
chiomosomes are distinguishable in microscopic preparations. Corn 
has 10 linkage groups for all 10 of its pairs of chromosomes. 

Other organisms are less well known. For these others no distinc- 
tion M ill be made between linkage groups (two or more linked charac- 
ters) and single independent characters. In rats, for example 10 
chromosomes are marked by groups of linked genes or by single inde- 
pendent genes. In tomatoes 10 of the 12 chromosomes have had genes 
assigned to them, in the morning-glory 12 out of 15, in the mouse 15 

out of 20, in the rabbit 11 out of 22, and in poultiy 10 out of the 16 or 
17 that fowls must possess. 


A word of caution is needed against the assumption that two char- 
acters found together most of the time are linked. Linkage does not 
make two characters hang together in the long run. It does so in some 
single families in which their genes happened to start together in the 
same chromosome; but in other single families linkage keeps these 
characters apart most of the time, because their genes started in oppo- 
site chromosomes of a pair. On the whole, therefore, linked characters 
are neither more nor less commonly together than independent charac- 
ters are. When two qualities are found to occur together more 
frequently than would be expected from random distribution, the 
probable explanation is that they have some part of their genetic 
(physiological) basis in common. This relation could be called correla- 
tion (see Appendix), but it is not linkage. 

Linkage in Man. The best-known linkage group in man is the sex- 
linked group. Seven genes have been assigned either to the X chro- 
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mosornc or to the or to both. Tliese goncs have mostly not \)Ocu 
tested with one another, but sinee they are ail in the same pair of chro- 
mosomes they must l)e nuitually linked. Fortunately c<M-tain of Ihest' 
X-chromosome characters have Ix'cn found in tiu* same tamily. so that 
their linkage co\dd l)e tested in th(‘ usual way. Ked-green color blind- 
ness was found to cross over witii myopia ami night blindm'ss to the 
extent of around -10 per cent. At least oiu' oth<‘r such direct t(‘st of 
crossing over in th(‘ X chi(jmosom(‘ has been mad(‘, and a t(‘ntative 
map involving sevtai genes for iho XY pair has Iks-ii prepaixal. 

Linkag(‘ in th(* aiitosomes of man cannot b(‘ disco\-ej-e(l in th(‘ usual 
way. because testcro.ss(‘s with indixiduals of knowi^ gen(jt>-})(‘s caimot 
be made, d'luu'e aix* statistical methods, howex’er, which measure* tlu' 
probability of linkage. d'h(‘S(* methods an* bases! on the* numbea- ejf 
like and unlike' brothe'is anel siste'is in familie's. Hy the‘se' nu'thoels 
e*e)nge'nital abse'uce* e)f e-e'rtain teeth is found te) be* linke'd with hair e*ole)i*, 
the* e're)ssing e)ver e)e*e*urring in abe)ut 1 1 pe'r e-e'nt of 1 he* e’e'lls. Similarly, 
mye)pia was founel linke'el with e've* e*olor. Oval bloexl es'lls anel the 
bh)e)d-gre)Up agglutinoge'ns .V anel U are* probably linkesl. b\it the* elata 
are* eeiuive)e*al. Kle)e*pfe‘r linels se*ve'ial gie)ups of thre“e‘ charae*te*rs that 
are* link(*el. One sue-h linkage* grou}) is e-ye* ea)le)r, hnge*r le*ngth, anel ear 
Hare*; ane>ther is hair whe)rl, hair ce)lor, anel e*re)ss-e*yes. 


PROBLEMS 

128. W liat (l('t(‘rmiu(*<l tic* nuniln'j's hy ^\l>ic■)^ ih(“ four chrotnc^soiucs of Droso- 
phila are* (le'si^:natc<l? 

129. W liat <le*tcrminc<l aiul ‘‘right*’ as (l<‘sigiial ion.s of tlu* c'lul.s of a 

(•hromosoiuc? 

130. \\ liat sort of influoncc* <lo you imagine' ^\ ()ul(l j)r(*V(*nt crossing ove'i* in 
Drosophila male's? 

131. If for any re'ason the e'ggs of a ft'inale* w ere* 0. 1 CD, 0.15 fV/, 0.2 cD, anel 
0.25 ev/, anel the* spermatozoa of a male? were* 0.1 CD. 0.35 Cd. 0.5 cD, anel 0.05 vd, 
anel the'se^ two we're* mate'el, what fraction of tlu'ir otTspring she)ulel be CVeW? 

132. Why floe's linkages not .sutRcf* to keep two characters apart, or together, in 
evolutionary line's? 

133. Doe'S* crewsing ove'i* ocenir in Gh-Gh, as we^ll as in Gh-gff? 

134. If AD-db X cuibb pre)eluce% ameing 120 offspring, 50 of one kinel, anel 
Cd-cD X cedd pre>eluee' 00 eif one kind among 180 otTspring, wliich is the gre*ate*r 
eli.stance along the chromosome, from .1 tej B or from C to f/? 

136. Is it like'ly that a testcross family which might demonstrate linkage woulel 
e-onsist of 48 individuals of phenotype St, 13 sT, 16 st, and 52 ST? Why? 

136. IIow many linkage groups of human characters should there be? 

137. if MmPp X mmpp produe^e 160 offspring, numbering 39, 42, 38, and 41, 
respectively, liow many pairs of chromosomes are required to contain the gene.s 
named? 
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138. If a Drosopliila female tlww is mated witli a n,aie Tw-tW, wl.at kinds of 
offspnnK should be produced and in what relative numbers'- 

(xvkS) IniVoo off ’ " “ r*' >■« with 

XKut , " ' offspring are produced, how many of these offspring should be 

{XY){xy). How many {Xy){xy)^ How many (.V 7 /)(x} 0 ? 

•f Pf^ y offspring m the following numbers 28, 32, 94 99 and 
if FfGg X ffgg yield 62, 66, 12, 10. the genes Ce and Dd are how many times ^ far 

<■'" »"■> 

141 in) A certain tall spherical-fruited tomato plant that is heterozygous for 
duarf stem and pear-shaped fruit is crossed with a dwarf pear-fruited i^Lt and 

(6)" \,mtlm t“n P""’'’ 17 dwarf spherical. 

6) Anothe. tall spherical plant crossed with a dwarf pear produces 21 tall pear 

18 duarf spherical, o tall spherical, and 4 dwarf pear. Using parenthesra or 

llrst XirirtlT?'" P'--*"* i" (“) ? Of the 

22 ^ P'-'- Oiat between 5 and T is 

genes and 11 'md T is 7 per cent, indicate the order of the 

gdies and Uie distances between them in the chromosomes. 

143. Why is a testcro.ss preferable to I'A for determining linkage? 

144. If the linked genes Pp and Cc are far enough apart for crossing over to 

146. M l, at genotype would be needed in an individual in order to ascertain 

1, ether any of its cells experienced double crossing over? Triple ero.ssing over? 

146. If in a linkage tcstcross one of the clas.ses of offspring were, sav, four 

tunes as abundant as its complementary class (having the other character of each 

of he pairs), what peculiarity of the time of ero.ssing over might offer an 
ox|)lanation? 



c’nAPTi‘:K 15 

PROOF THAT GENES ARE IN CHROMOSOMES 


From the first d(‘scription of tlu' jrcnu'tie nK'clianism in th(‘ earlv 
chapters and in al! th(‘ explanal ioiis ol In'tHHling (‘x^jcninn'iits, it was 
stated that the gemes are in the chroinosonu's. It wcjuld iiave been 
difficult to off(a’ proof of tla* correctness of this statennait w luai it ^\as 
first made, though the tact that so many e\'cnt s a])i)('ar to ha\'e a reason- 
able and harmonious foundation if the genes luv in the chroniosonu's 
should create a presumption in its fa\'or. It is tinu* now to assenibki 
a few of the more pertinent facts wliich go to show that the nua-hanisin 
of heredity has betm con*c‘Ctly portrayc'd. 

The Mendelian Mechanism. — Among the more general (‘\idences 
that the chromosomes are the convcwei's of the gcau's is the coi-respond- 
ence between the Ix'havior of the g('nes and that of the chromosomes. 
]ir(*eding experinumts show as a logical necessity that whate\-er an 
organism rectaves from its two parents, with respt'ct to a certain char- 
acteristic, it i)asses on acparatcly to (Uifrrcnl individvials among its 
offspring. Calling the things it receives genes, no matter what or 
where they ar(‘, one must conchule from cross(‘s of unlike parents that 
the genes contributed l)y the parents are separated— segregatc'd, wc 
say— in the germ cells of the next generation, so that each germ’cell 
receives one of them, not both. F2 generations and backcros.ses would 
not be what they arc without the segrc'gation of the genes of a pair into 
different germ cells. Xow, all this has an explanation if the genes are 

in the chromosomes, for the reduction division can then be the cause 
of segregation. 

When two cliarufters arc stmliod .simultaneously, it often happens 

that these chaiacters piane to bo independent of each other in their 

distrdmtion to the offspring. The ratios of offspring in F, and other 

hybrid generations demand this independence. The ratios would be 

dilferent if the genes were not independent. Here again there is a 

reasonable explanation of the logically deduced relation if the genes are 

m the chromosomes; for the dilTerent pairs of chromosomes are ordi- 
narily free from any mutual interference. 

Even when the two pairs of genes are not independent, as is true in 

llo 
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all instances of linkage, the chromosomes offer an excellent explanation 
if it be assumed that both pairs of genes are in the same pair of chro- 
mosomes, for the chromosomes piwdde the means of canceling 
independence. ^ 

No normal beha^-ior of genes has yet been discovered from hybrid- 
ization experiments that is not paralleled by normal behavior of chro- 
mosomes. This IS a circumstantial indication that the two are 
connected. 

Haploid and Diploid Organisms.— Any organism that is derived 

rom two parents should have two homologous chromosomes of each 

kind. Likewise any organism with two parents should have two genes 

of each kind. It has been assumed that any two homologous genes 

are in two homologous chromosomes. If, now, any individual of such 

a species is haploid, whether as a normal phase of the cycle or as an 

accident, it should have only one gene of each kind— if the genes are in 
the chromosomes. 

In the simple plants, or algae, the only diploid cells ever produced 
are the zygotes formed by the fusion of two cells in sexual reproduction. 
Such a zygote, by two divisions, produces four cells, which may be 
observed to be haploid. Reduction has occurred in one of the divisions, 
and many cytological observations go to show that it is the first of the 
two divisions in which the homologous chromosomes separate. Now, 
what happens to the genes in the course of these divisions? In one 
species of alga, two varieties having a different shape of eye spots were 
crossed, and the zygote was observed to have an eye spot of intermedi- 
ate form. I his shows that the zygote had two genes for eye shape, and 
neither was dominant o\'er the other. When, however, the zygote had 
divided into the four characteristic vegetative cells, two of these cells 
had eye spots of one of the parental shapes, the remaining two of the 
othei paiental shape. None of these cells had intermediate eye spots. 
These facts show that each of the four cells had but one gene for eye 
shai^e, w hile the zygote had two genes. The diploid cell had two genes, 

haploid cells only one. Ihis should be the situation if the genes are in 
the chromosomes. 


1 he cycle ol the mosses includes both a haploid and a diploid phase, 
which are represented by conspicuous structures. From a spore 
(Fig. 25, a) there is produced a group of cellular threads in the soil. 
From these threads, in turn, develops the moss plant, or gametophyte 
(Fig. 25, b). At the top of the gametophjTe, eggs and spermatozoids 
(male cells) are formed. Everything so far described is haploid. 
1 hei’e is no reduction in the number of chromosomes when the germ 
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fells are formed, for the gametophyte itself is already haploid. Wduai 
fertilization of an (‘gg by a spermatozoid takes place, the combined cell 
is diploid. From this fertilized egg develops the sporophyte (r), which 
remains attafh(*d to the lop of the gametoi)hyte. The sporo])hyt<‘, 
like the fertilized egg from which it springs, is diploid. Then, within 
the capsule of the spor(jpln te, spores are fornK'd. Th(‘se are haphad. 
When, therefore, a cell in the sporophyte divides twice to form foui' 
spores, reduction of the chromosomes take pla(*(‘. With the haploid 
spores, the cycle may b(‘gin all over again. 

What is the number of gcau^s in th(‘s(‘ two gemwations of the moss 
cycle? Fortunately, tluax* are enough \ariations in the mosses to 
answer this (luestion. As for the diploid si)orophyte gcmerations, ther(' 
are different colors, red, gn'on, orange, etc. l-]ach rac(\ when gr(jwn by 
itself produces sporophytes of its ow n p(H-uliar coloi\ When, howt'ver, 
two of th(an art; cross(*d, by controlkal fertilization of th(‘ egg by a 
spermatozoid from another race, the sp(>ruphyt(‘ that d(‘A-(‘lops from 
the egg is int(irmediat{‘ in color. This color is due to luck of dominance, 
and could occur only if two different genes were prt'stuit. The diploid 
sporophyte thereft)re has two genes for cohjr in ('ach cell. 

In tlk' gametophyte, the shape of the leavt's is <liff'er('nt in different 
varieties. 1 he genes lor leat shape go into the eggs and spermatozoids, 
and when two varieties are crossed, two different genes enter the sporo- 
phyte. In the sporophyte, which has no leaves, these genes cannot 
come to expression; but they go into the spores, from them to the cellu- 
lar threads in the scjil, and linally into the gametophytes where they 
can come to expression. Here, howe\'er, the leaves are not intermedi- 
ate, in some indix'idual gametophytes the lea'ves ha\'e one of the 
varietal shapes, in other individuals the other shape. That the leaves 
would be mt('rmcdiate if both gtaies were together in a gametophyte is 
shown by regenerating a gametophyte from a heterozygous sporophyte; 
but this is a phase of the work that must be passe<l over with this brief 
reference. All this means that each gametophyte has only the one 
gene or the other, not both of them. It is thus shown that the haploid 

generation has only one gene for a character, not two as the diploid 
generation has. 

Number of Linkage Groups.- It was shown in the preceding chapter 
that in no organism does the number of known groups of linked charac- 
ters exceed the number of pairs of chromosomes. If the genes were 
not m the chromosomes, that is, if linkage were due to something else 
than the chromosomes, it would presumably be possible to have more 
linkage groups than there are chromosome pairs. This is negative 
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c^ idonce, but important, since if the linkage groups exceeded the chro- 
mosomes in number, the genes could hardly be regarded as being in the 
chromosomes, or some peculiar chromosome behavior (fragmentation, 
jx'rhaps) would have to be sought. * 

Genes. In C hap. 8 it was shown that genes for sex- 
linked characters are possessed unequally by the two sexes. In man 
and the mammals generally, and in most insects, the female must have 
two genes for such characters, the male only one. In no other way 
can the peculiar type of inheritance of sex-linked characters be 
explained. The only anatomical feature in which the sexes can be 
observed to differ in precisely" this way is the X chromosome; the 
female has two X chromosomes, the male only one. The assumption 
that the sex-linked genes are in this chromosome is almost necessary. 

C’losob^ related to sex-linkage is Y-chromosome inheritance. Some 
characters pass only from father to son. AVhen these are known not to 
be secondary sex characters, because not all males have them, it is 
necessary to find some structure that passes only from father to son, if 
an explanation is to be had. The Y chromosome is the only known 
feature of mammals and most insects which is known to be transmitted 
in this way, and it is natural to suppose that the genes in question are 


in the Y. 

Nondisjunction. — Sometimes a genetic experiment shows that a 
certain individual has only one gene of a given pair, although it has 
the expected two genes of other pairs. The absence of one gene is 
shown in a variety of ways. It may appear that a gene of that pair 
is going to only half of the offspring, after the manner of sex-linked 
genes in a male fi^'. Or a recessive gene ma}’' come to expression in a 
heterozygote, which could happen only if the dominant gene of the 
same pair, supposedly present, were absent or inactivated. These 
peculiarities are characteristic of the haplo-4 Drosophila described on 
page 83, and this particular fly lacks one of the small fourth chromo- 
somes (Fig. 51). The obvious explanation is that the gene that is 
going into onb^ half the offspring, or that is coming to expression in a 
supposed heterozygote, is in the one fourth chromosome which remains. 
Any instance of nondisjunction may bring forth similar modifications 
of inheritance. 

Duplicate Genes . — By means of a 15 : 1 ratio in Fa and confirmatory 
evidence from the F 3 generation, it has several times been shovm that 
a species has four genes for a certain character, instead of the usual two. 
These two pairs are precisely alike and hence arc known as duplicate 
genes. Kxamples are known in the shape of seed capsule in shepherd’s- 
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purse (page 119), in the rod pericarp color of rice, and others. Tii some 
such examples the species is known, from observa ion of its chromo- 
somes, to be tetraploid. This merely nu*ans that it has twice as many 
chromosomes as do(,‘S some other specie's which is re'garde'.d as eliploid. 
It is believed that the tetraploid species was dc-rived from the diploid 
by a duplication of the chromosomes, wliich is a not exactly rare way 
of producing new species in plants. If it may b(‘ assumed that the 
genes are in the chromosomes, the duplication explains not only the 
origin of a si)ecies but the existence of duplicate gcau's as well. 

Chromosome Aberrations. - Occasionally in sucli a genetically well- 
known organism as Drosophila or corn, a g(‘ne is found to change its 
linkage relations. A character that has long l>een known to be a 
member of linkage' group 2, for example, is sudelenly found linked with 
gioup 3 inst('ad. At the same time, some individuals mav show unex- 
pected p('cvdiariti(‘s in the grouj) 2 charact('i-.s- a i-('cessivJ character of 
group 2 may show in a heterozygote*, or the aine>unt of cre)ssing over 
betwee'ii ge'nes in a ceudain part of greiui) 2 may be.* gre'atly realuced, 
even to zero. In some e>f tlu'se instances, it has bea'ii possible, by 
examining the chromosome's e>f the*se invgular indivieluals, particularly 
those which ha^■e the secejnd-groui) characters tie'el up with group 3, 
to obse'rve that a piece eif chrejmosome 2 has been broken off ariel 
attached somewhere to erhromosom^ 3. A transfe-r of a fragment of a 
chre>mosome to some other nonhomologous chromosome is called a 
trandocation. If it may l)e assumed that the ge'nes which are behaving 

unusually are m the translocated fragment, all the peculiaritiesdescribed 
above are explained. 

Jhoi-o are other types of (lisi)lacement of chromosome friisments 
that arc paralleled by changes in the behavior of genes, but it is not 
dcsiraWe here to add to the complexity of evidence of this sort 

SaUvary-gland Chromosomes.— ^^•ith the discovery of the enor- 
mous chromosomes of the salivary glands in Drosophila (Fig. 19 ) 
translocations and other chromosome aberrations and deficiencies 
(vacant places left when a chromosome fragment has been removed) 
have assumed a new importance. Whenever a character shows any 
iicgulaiity m its behavior, in any stock of flies, salivary glands from 
aivae of that stock may be examined with some hope of observing 

ccS ' 'l^'PPcned. When genetic experiments show that 

ci tain genes arc missing from linkage group 2, for example, salivary- 

gland chromosome 2 may be seen to lack certain of its dLs Manv 

disks may be missing, though the experiment detected only the abslnce 

of one gene. Later another deficiency involving the saL gene mav 
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he found to accompany the absence of a certain other series of disks in 
the salivary-gland chromosome. The missing segments in these two 
examples overlap, however, and it is thus known that the gene which 
both (experiments indicated was missing must be in the overlapping 
part. By subs(‘(iuent similar tests with the same gene, the overlapping 
portions may be reduced to a very small amount. In this manner, it 
has often been possible to say that a certain gene is located in the region 
of two or three definite disks, sometimes even in onl^^ one of them. 

These and other related phenomena seem to offer abundant con- 
firmation of the view that the genes are in the chromosomes. There 
is among geneticists no difference of opinion on this question. 

PROBLEMS 

147. In what ways might Drosophila come to have more than four linkage 
groups? 

148. In discovering breakages of chromosomes that harmonize with peculiari- 
ties of gene beliavior, which is likely to be discovered first, the chromosome aberra- 
tion or tlie genetic peculiarity? 

149. What advantage do the mosses have over animals in demonstrating that 
diploidy goes with two genes of each kind, haploidy with one gene? 

150. If a piece of a moss sporophyte is caused to regenerate, producing a 
gametophyte, what kind of genetic information would be obtained that could not 
be discovered from the normal moss cycle? 

161. Male honeybees are haploid, the females diploid. Can you devise a way 
of proving whether the male has only one gene, the female two, of each kmd? 
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NATURE AND ACTION OF GENES 


llic arclntcctuic «1' the ganu jilasin is |)ictty well knuuii. 
.structure of clironiosonics, the arraiif-ciuciit of nciics in tlicin, fl,c func- 
tion ot the rehiu'tion (li\'isiou in ellectinj»' s<-i«i‘(‘t;‘at i(,n of geru's, tlu' 
importance of crossiiif- o\-,>r in the recomhinat ion of j^enes, the reorgan- 
ization of chromosomes through fragmentation and redistribution of 

fhe pieces— all 1he.se have been .subjiads of exhaustive studv for manv 
jear.s. 

Progiess is now bi'ing ma<le in solving the even more important 
lU-oblem of how the genes work. What are the phvsioh.gical steps 
between gene and character? flow is development controlled by genes 
so that the end product is so regidarly the .same wheiaver a -dven 

genotyi,ei.spre.sent? The gem' mu.st init iate a chain of events to which 

other genes contribute, in conformity with basic prim-iples of ch.-mistrv 

am physics. The natme of each g.me itself determines what part it 
shall play in this coojXM'ativc action. 

Nature of the Gene.— One’s conception of the fundamental nature 
of the gene depends on the delinition (,f the term gene. Two praidices 
have arisen with respect to this definition, in one of which the genetic 
material is regarded as only a small part of the chromosomes, while in 
he other it may be most of the chromosomes. In keeping with the 
former Idea, the gene has frecpiently been thought of as a single mole- 
<ule. Ihc suddenness and sharply delineil differences of mutations 
<ue tavoied the idea that each gene is a single molecule, rather than 
a group ot molecules. Under the second concept, the gmm is greater 

!rAd Tt U ’ chromatin 

lead. It is impo.ssiblo to distinguish between these possibilities in 
specific instances. I he criteria of a gene are that it shall be self- 
lepiodmang that it shall behave as a unit, that it may be separated 
from any other such units, and that it is not broken up by crossing oxmr 
m by chromosome Iragmentation. None of these requirement pro 
Kies means ot determining the nature of any particular gene 

Grigmally genes must have been verv simole v ^ . 

gists have likened genes to virust . ' y>merous biolo- 

cu gems to Miu.ses, those minute chemical entities 
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A\ hich (irc best kno^\’ii in relation to disease. Known viruses exist 
only in living organisms as do genes. Both viruses and genes repro- 
duce themselves vith precision j both of them mutate. The suggestion 
is that genes were once as independent as viruses are and that they 
were capable of being moved about from one situation to another as 
viruses are now. How genes came to be permanently associated with 
organisms, as part of them, is a portion of the problem of the origin 
of life, V ith which this book docs not deal. If the genes were com- 
parable to viruses, they must have been very simple — probably single 
molecules. Perhaps many of them are still as simple as that. If 
grosser forms of genes exist now, as many geneticists believe, they 
presumably arose in relation to the gradual evolution of chromosomes. 
Some of them may even owe their existence to the breakage of chromo- 
somes. Some of these grosser genes may be visible in the giant 
salivary-gland chromosomes of flies, but it is not yet possible to point 
out any specific gene that is visible. 

Reproduction of a gone, if it is a single molecule, may be merely 
a process of rapid growth involving a copy mechanism of some sort. 
Or it may involve the formation of a mold. The surface contour of a 
molecule is as characteristic of it as the number of atoms of different 
elements that enter into its composition. Some geneticists have 
supposed that this contour is impressed on some other substance serving 
as a matrix, thus producing a mold, into which material of the same 
sort as the gene is “poured,” producing a cast which would be identical 
in contour with the impressing gene. This suggestion is highly specu- 
lative, and there must be more to the process than has been proposed; 
but any mystery in it need be nothing more than our ignorance. 

The material making up the genes is presumably protein. Chro- 
matin threads mechanically isolated assay almost pure nucleoprotein. 
Such substances have the complexitj^ of structure that the highly 
variable life processes require. Furthermore, they possess the feature 
of specificity to a high degree; that is, each substance enters into 
certain reactions with great precision and uniformity, and into other 
reactions not at all. Each of them is also capable of certain well- 
defined molecular alterations, which tend to persist about as tenaciously 
as did the “original” structure. These features are so strikingly the 
characteristics of genes that it is generally assumed that the heredity 
units are nucleoproteins. 

Mutation of Genes, — When genes are molecules of some substance, 
mutation is presumably a change in structure — substitution, removal, 
shifting, or addition of side chains or radicals. Genes that are of 
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grosser nature, such as minute, segments of the chromatin thread, 
probably cliange in a cruder Avay, possibly even by mechanical break- 
age. It is difficult, however, to distinguish between mutation and 
“position effect’' when chromosomes arc broken. It has becui demon- 
strat(Ml many times that a gene, occupying a certain spot in the chro- 
mosomes and having a given phenotypic effect, has a diff<'r(*nt (dT(‘ct 
if moved to another spot. Hairy wing and bar <'y(^ in Drosophila, for 
example, arc each cau.sed by duplication of a small segment of the X 
chromosome, one segment immediately adjoining anot lu‘r s(*gm(‘nt 
identical with it (.see i'ig. o-l tor bar-t'ye ari-angement ). In crossing 
over, it occasionally happtms that the two chromosomes l)reak at 
slightly diffen^nt levels, so that both hairy-wing geiu^s. or both bar-(\ve 
gcaies, g(‘t into the one chromosome', while' the other e‘hi'ome)se)me e)f the' 
pair lacks the ge'iie altogether. Flie's having the two ge'iie's in one 
(hK)me)se)me ha\'e an e'xagge'rate'd hairy wing, or e'xagge'rate'el bar eye 
'fhe two genes in one chromosome have a gre-ate-r e'ff'e'ct on elevelopinc'nt 
than do the same two gene-s in diff'erent chromosome's. Similar or 
gieate'i pejsitiejn effcicts ha\'e' be*en fe>und whe'ii the' gene's are.' transferre'el 
gieate'i distances, pe'rhaps to nordiomole>g(jus e*hreunosome's as in trans- 
location. Conse'ciuently, when organisms are' phe-not vpically differe'nt 
because of chromosome bivakages, it is not ce'rtain that any gene has 
changed. It may merely be at a diffe're'iit plae-e'. AMiethe'r such moeli- 

fications should be ' calk'd mutations is de'batable; the practices of 
geneticists has varied. 

Of the agents that artificially prexlucc mutations, radiation is the 
most ofTcctivc. Iligh-enorfry ladiation, sucli as X rays (which cause 
ionization) and fast neutrons (whicli may not ioiuze) commonly break 
the chromosomes in radical fashion, the neutrons being about half as 
effective as X rays in some organisms where thc'v have been compared 
equahy effective in others. Ultraviolet, without ionization, has pro- 
duced very minute chromosome breakages (deletions or deficiencies) 
or changed the gene structure without breaking the chromosomes 
1 he breakap or mutation need not, perhaps never does, occur imme- 
( lately. 1 he radiation appears to create some sort of tension that 
causes the break to occur later. The most effective wave lengths of 
both X rays and ultraviolet have been determined for certain organisms 
and that for ultraviolet corresponds closely with a strong absorption 

band of nuclem acids in the spectrum. This tends to confirm the con- 
elusion that the genes are nucleoproteins 

Cosmic rays arc also held to produce mutations, because Drosophila 
exposed for 25 to 40 days at an elevation of 14,000 feet, where frequency 
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of cosmic rays is 15 times as great as at the earth’s surface, yielded 
three times as many mutations as in laboratories. Where the cosmic 
rays were only three to five times as frequent, the mutation rate was 
increased by one-third to one-half. 

Mutations are also caused by certain genes. In com, the gene a 
for colorless aleurone is made to mutate freely to A (colored aleurone) 
if the dominant gene Dt is present. Also in a species of Drosophila, 
visible mutations arise much more frequently in the X chromosome if 
a certain gene is present in the second chromosome. The sex-linked 
mutations arc about 35 times as frequent as in the wild type if the 
(•ausativc gene is present in only one of the second chromosomes, 70 
times as fretiuent if it is in both of them. Other stocks of Drosophila 
have been found to be exceptionally mutable because of certain genes 
they possess. Presumably also an effect of genes is the greater rate of 

^ t 1 ^ rosophila species; the sex-linked lethal 

mutations were found in 8 per cent of the hybrids, as compared with 
almost no such munitions in nonhybrid flies. The possibilities of 
g(‘ne-controll(‘d evolution opened up by these discoveries are very 
important. 


Mustard gas has proved to be very effective in breaking chromo- 
somes in Drosophila. Other chemical substances (ammonia and acetic 
acid) applied to larvae or adults have increased mutation modestly 
in Drosophila; antibodies (in sera) have produced a similar effect in 
the mold Xeurospora; zinc nitrate caused mutation in another mold; 
and raising Drosophila on food treated with uranylacetate made X rays 
almost twice as effective in producing mutations. Crowding (perhaps 
by causing starvation) increased mutation in the plant Lycopersicum, 
and aging of seeds (7 to 10 years) raised the mutation rate in wheat. 
How these agents work is not known. 

Action of Genes in Neurospora. — The influence of a gene on the 
characteristics of an organism appears to be exerted through the pro- 
duction of a specific substance. Each gene is probably responsible 
for a given product. This activity has been beautifully shovai for the 
tropical bread mold Xeurospora by Beadle, Tatum, and others follow- 
ing basic studies by Dodge and Lindegren. This mold reproduces 
asexuallj^, so that large quantities of any strain can be reared for tests. 
Tt also reproduces sexually, through the fusion of certain cells of 
physiologically unlike (positive and negative, male and female) strains. 
The hyphac of these strains arc haploid; hence, they contain only one 
gene of each kind. When the cells fuse, the zygote produced is diploid, 
having two genes of each general kind. When this zygote divides 
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(three times, to produce, eight spon^s, Fig. 82), n'diictioii occurs, the 
spores are haploid, and each contains again only on(‘ geme of each kind. 
If the zygote is hetcuozygovis, four of the spores produced from it ai<; 
of one kind, four of the other. From each spore a vegetativt; mass 
may be raised, in wliatever quantity is iK'cdcal for testing it. 

Ordinary “wild-type” Xeurospora grows well on a simple mt'dium, 
which inchuies a source of energy and carbon, nitiates or ammoniiim 
salts for nitrog('n. certain inorganic salts and elements, and biotin, om? 
of the B vitamins. X(‘urospora makes everything it recpiir(‘s ivom 
these raw materials. 

Xow, if the mold is exjio.'^ed to X rays of c(‘rtain d(jsage, mutations 

may be producfal in a small number of cells (oik' in several hundn'd, 

perhapvs). If the mutation is one that destrovs the abilitv to svnth(‘- 
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I n;. 82, . . Sexual repKuiuctiuii in N'euro.spora, .sliowinK fusion of Iwo unlike cells 
cl. visions of tlio z.lKote into eu-ht spoie.s, and venetative devc-lopinent of one of tlii^ 
spores into hypliac in a test tube. The lilaek-aiui-wliite miilei and s|iores repre.sent 
seareKation of tlie ••sexes” or of Eenes in a lioterozygote. (M ixlil'u,! from lira, Hi-.) 

size some vital product from the materials in the medium, tlie mutant 
mold will not grow on that medium. To save many of the possible 
mutants, the X-rayed products are raised first on a medium that is 
lortihed by the addition of numerous amino acids and vitamins. Any 
mutant is preserved if the substance it cannot now synthesize is included 
among the things added. Any .strain which grows on the fortified 
medium, but not on the standard medium, is then tested on a medium 
to which only a number of vitamins are added, and on a medium to 
which only a group of amino acids are, added. If it fails on the vitamin- 
less medium, it is then tested on media to which single vitamins have 
been added. If it grows on a medium to which pyridoxin has been 
added (Fig. 83), but not on any of the others, one infers that the 
mutation destroyed the capacity of the mold to synthesize pyridoxin 
W hile such a change has here been called a mutation, it could con- 
ceivably be some physiological change other than a genetic one To 
test this possibility, the “mutated” mold is then crossed with a normal 
kind, and the eight spores produced (Fig. 82) are tested to ascertain 
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their requirements. If four of them require addition of pyridoxin, 

whde the other four grow on the usual basic medium, it is inferred that 

the defect results from change of a gene— that is, that it is really a 
mutation. 



!ig. 83. Testing a mutant strain whicli requires an added vitamin in the medium, 
to determine which vitamin it cannot syntliesize — pj'ridoxin in this example. {Modified 
from Beadle.) 

In such experiments mutations have been produced which destroy 
the capacity to synthesize most of the vitamins of the B complex, a 
number of amino acids, and the purine and pyrimidine components of 
nucleic acid. Each mutation affects just one of these syntheses. 
The importance of such syntheses to the general physiology of living 
things lies in part in the fact that the proteins of protoplasm are made 
up of amino acids. An example of this process as far as it involves 
the amino acid tryptophane and the known genes of Neurospora is 
illustrated in Fig. 84. One gene in the mold synthesizes anthranilic 
acid, another gene converts this to indole, and this in conjunction with 
serine produces tryptophane. These steps, or substitutes for them, 
are necessary in the synthesis of any of the many proteins that include 
tryptophane. 

Gene Activity in Other Organisms. — Some of the earliest known 
simple recessive characters in man must be caused by the failure of 
some particular synthesis. Albinism is an example. Human food 
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necessarily contains the amino acid phenylalanine, which the body can 
oxidize to produce another essential amino acid tyrosine. The latter 
in turn is oxidized to 3,4-dihydroxyphenylaIanine — whose name, for- 
tunately, is important only to professional biologists and biochemists, 
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l-.u. 84.— Synthesis of tiyj.toi.lmnc in Neurospora. Known genes contiol the changes 

at two of the steps. {After Beaille in American Scit-ntUt.) 

and by the former is abbreviated to “dopa.” In normal men and 
women, dopa is converted to tlie pigment melanin, which colors the 
hair, skin, and eyes. What chemical change occurs in this transforma- 
tion IS not known, for the formula of melanin has not been discovered; 
but by analogy it must be brought about by a gene. That gene for 
mammals in general, is called 4 (or a+). Now, in some people ’this 
gene is in the mutated form a, which is unable to transform dopa to 
melanin. These people are albinos; their skin is florid and eyes pink 
because the color of the blood in them is not concealed, and their hair 
IS whitish or straw-colored from the lack of pigment. 

Another long-kno\m physiological hereditary defect in man is 
alcaptonuna, m which the urine contains homogentisic acid, and turns 
dark on exposure to air. The phenylalanine mentioned above can be 
converted to phenylpyruvic acid, and both this and tyi-osine are con- 
vertible into parahydroxyphenylpyruvic acid (again names are unim- 
portant except to physiologists and chemists) . The latter substance 
IS broken doism by a series of steps in which homogentisic acid is one 
of the products, formal people continue this degradation by con- 
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verting the acid finally to carbon dioxide and water. But alcaptonurics 
lack the gene (they have a recessive ineffective mutant of it) that 
(‘ontrols the destruction; so the homogentisic acid remains unaltered 
and must be excreted. 

In Drosophila, one of the substances involved in production of red 
eye color is kynurenine, a derivative of tryptophane. When the sex- 
linked gene V (or mutates to v, kynurenine is not produced, and 
the eye color is vermilion. A derivative of kynurenine is necessary to 
prevent the eye color from bt'ing cinnabar, and mutation of a certain 
gene has resulted in this color. There is evidence that the effect of 
the gene in Drosophila is identical with that produced by gene a+ 
in the moth Ephestia, and here too eye color (along with some other 
things) is affected. Gene converts tryptophane into kynurenine, 
and moths with the genotype aa contain more tryptophane because it is 
not oxidized. It is not surprising to find the same substances produced 
in unrelated organisms, for there arc only about two dozen amino 
acids, and the derivatives of these are limited by their molecular 
structure. A given substance would have different effects in unlike 
animals, however, because of the dissimilar substrate on which it has 
to work. 


Genes in Drosophila also influence the amount of oxygen consumed 
by certain developing structures in the larvae, according to Villee 
(1946). The wing disks (small masses of cells in the larva which 
develop into wings in the adult) consume a little less oxygen if the 
larva contains the genes for miniature Avings, and much less oxygen if 
the genes for vestigial wings are present. The consumption of oxygen 
by the leg disks in these same larvae is not lowered, even though the 
legs contain the miniature-wing or vestigial-wing genes. The respira- 
tion effect of the genes is manifested only in the organs which those 
genes will modify. 

Genes Acting Independently in Heterozygotes. — In the above 
examples one gene produces a substance, Avhile its allele simpl^^ does 
not produce it. The contrast is essentiall 3 ^ one of presence or absence 
of a certain reaction. There are some pairs of genes, however, in 
which each gene produces a substance. The blood groups of man and 
the apes are determined bj^ several genes that are responsible for the 
agglutinogens in the red cells of the blood. One gene (A) produces 
agglutinogen A, another gene (A^) at the same locus in homologous 
chromosomes produces agglutinogen B. Besides these there is a third 
gene (a) in this multiple allelic series that does not produce any 
agglutinogen. Genes A and A^ are dominant over a, so that hetero- 
zygotes having the genotype Aa have agglutinogen A, and those with 
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the genotype A^a have agglutinogc'ii li. Tlu'se relations an^ of the 
presenee-and-al)sence type, like those deserilKMl in the preceding sec- 
tion. Heterozygotes with the gc'notyix* .t.l'k howe\'er. produce both 
agglutinogens A and B. Tluvse substances are not niutually exclusi^'<', 
both can exist in the sairu* red ct^ll, and both are produced. 

There is in man another locus that controls agglutinogcuis in th(‘ 
r(‘d cells, but in this cas(' therc^ are only t\vo alleh^s. One produces 
agglutinogen M, the otluu- X. In lu‘terozygot(‘S both M and X are 
present, showing that the two g(au‘s hav(‘ each a positi\(“ action wliich 
is inde])(‘nd(‘nt of the otlu'r g^aie. 

S(‘parate action of the two gcau's of a pair is also found in the 
so-called mating typ(‘s of C(‘rtain protozoa. In JAiplotc's tluax' an* 
tiire(‘ allel(‘s {niF, vit'-, which can entc'r into indi\'i(luals, two at a 

time, in six different g(‘notyp(‘s. '’rhr(‘(‘ of th(*se are homozygotes, thi-(M‘ 
h('t(‘rozygotes. In tlie h('ter()z>’got('s, (‘ach gem* ])roduc(*s its charac- 
t(‘ristic substance, so that the protozoon has tw(j of them, 'bhesc* 
substances an* so n*lat(*d that om* protozoon can conjugate* with anothei* 
which does not poss(‘ss the* same* s\i})stance‘. 

What appeals to be* similar inele'pe'nde'ut action e)f two gene*s of a 
pair is ce)ncerned with the dete*rmination of sex in the wasp llabro- 
bracein. bike* tlie>se of the hf)ne'yl)e*(*, the* e*ggs e)f this wasp may de'velop 
witheait fertilization, i)roducing haploiel males. Unlike* the* be'e, how- 
e'ver, the fertilizenl eggs may yield either temales or male's, all diple>iei. 
At least nine members e)f a multiple alle*lic se*rie*s of sex ge'ne*s ha\’e' been 
disce)vere*d by Whiting; the'y may be called .r“, x^, a’b etc. A haploid 
individual can have only one of these ge'iies, which produe‘e*s only its 
characteristic substance, and a male results. A eliploid individual that 
is hejmozj'gous for one of the alleles likewise produces oidy the one 
substance, and is also a male. 3ut a diploid that is heterozygous for 
two different allek's produces both of their substances, and a femah* 
results. Again there is separate action of the two genes, each acting 
independently of the other. 


PROBLEMS 


162. W lijit arc the grounds for likening the genes to viruses? 

163. What reason is tliere to regard viruses as living? 

164. t\hy woiild the suddenness of mutation suggest that genes are single 
molecules? 


166. \\ hat is the criterion by which the changes in Xeurospora are judged to be 
mutations? 


166. W hat chemical knowledge i.s necessary before one can say what particular 
synthesis is controlled by the gene («+) for pigment in man? 

167. What mutant genes are known to produce, not simply nothing, bvit a 
different substance from that produced by the “original” gene? 



CHAPTER 17 

KOH-MENDELIAN INHERITANCE 


The evidence that the genes are in the chromosomes completely 
identihes these nuclear bodies with the mechanism of iMendelian hered- 

' u ■ A 7^^'''''- group of phenomena that do not follow 

the Mendehan rules. Before we turn to these nonconformist phenom- 
ena, the rules which they violate must be clearly in mind. What is 
Mendolian lioroclity? 


Mendelian Heredity Defined.— iMendel's laws, as derived from his 
own experiments, involved (1) segregation of the genes of the same 
pair and (2) independent assortment of genes of different pairs. Since 
Menders time, it has been found that the second of these, independent 
assortment, is not universal. Linkage has been found to be exceedingly 
common. Mendel never observed linkage; should linkage then be 
excluded from iMendelian heredity? Considering that linkage is pro- 
duced by the very things (chromosomes) which are responsible for 
independent assortment, geneticists chose not to separate linkage from 
the other fundamental features of heredity and have extended the 
term Mendelian heredity to cover it. 

Once this extension was accepted, it was logical to include the other 
things that are dependent on the regular behavior of chromosomes, such 
as sex-linked inheritance. And finally, even those phenomena which 
result from irregularities of chromosome conduct — nondisjunction, 
translocation, duplication, deficiency — were regarded as IMendelian 
phenomena. At the present time, any transmission that is directly 
dependent on chromosomes is considered iMendelian heredity. 

The inheritance that may be said to disregard Alendelian rules must 
therefore depend on something else than chromosomes. Most of the 
phenomena of this exceptional sort relate to inequality of the influence 
of male and female parents. Some of these inequalities are permanent ; 
others gradually decrease and disappear. 

Variegation in Plants. — One of the permanent inequalities between 
the two parents is their relation to variegation in plants. Green plants 
owe their color to chlorophyll-bearing bodies, the plastidsj in their cells 
(Fig. 4), So long as the plastids are normal healthy organs, the green 
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color is maintained. Sometimes, however, they are deficient in tlieir 
power to pro(hie(‘ chlorophyll; such plastids ht^comc pale gn'cn, or 
y(‘llow, or whit(‘. If the deficiency extends througliout the plant, it is 
fatal, because nutrition fleptmds on the photosynthesis for which normal 
chlorophyll is a i)r('r('(iuisite. Only youn^ plants, therefore, which an; 
still drawing); nourishnu'nt from the seed, can alTord to be white. Older 
plants may, howc'ver, be yellow or white in spots, a condition known as 
variegation. 



Fig.*85, F,g. 86. 

Fig. 85. — VarioKuted leaf of the four-o’clock Mirahiiis jalapa. {After Correns.) 
Fig. 86. — Variegated corn; stripes of pale green in otherwise green leaves. This 
variegation is transmitted only by the mother. {Photograph by E. G. Anderson.) 


AVhen a variegated four-o'clock (Mirabilia jalapa, Fig. 85) is crossed 
with a solid green one, the offspring are always like the mother. If the 
female parent was variegated, the offspring are variegated; if the mother 
was solid green, the offspring are green. On a variegated plant, some 
branches may be solid green, some solid white, some variegated. When 
a flower on a green branch and one on a white branch are cross-polli- 
nated, the offspring are again like the mother, whichever way the cross 
was made. 

Corn also has its varieties with pale green stripes among the dark 
green of the leaves (Fig. 86). The variety illustrated arose suddenly 
in a single plant among more than a hundred in one family. This one 
plant was raised, and produced one ear. The grains on this ear w'ere 
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planted the next year in rows in a plat, in the order in which they were 
placed on the cob. Though the majority of the plants growing from 
thes(‘ seeds were green, one large area of the original ear yielded pale 
plants (Fig, 87), which soon died. Along the margins of this white 
area, the grains produced many variegated plants. From these origi- 
nated a vari('ty that continued to produce striped plants. Any crosses 
between stripc'd and green plants yielded only striped or only green, to 
aor(‘(‘ with the inothor. 



S7. Plat f)f corn soorlliiicrs ftoiii stiipo<l paioiit. Tlio seeds were jdauted 
in tlie same relati\e positions as the\’ oeetjpiecl in the etn-. The plat shows th;it seeds 
ffotn one eonsiderfihle area on the eai- profiucetl mostl.s- pale Kieen plants. Alon/z the 
border of this area the seeds prodiieed many striped plants. {From Anderson in 
liotanical (iazcttc.) 


Similar inheritance only from the mother is found in Chinese 

4 

plantain lilies, in a pale green variety of barley, and in a tricolored 
barley. 

In eyery example the explanation is that the plastids are carried 
oy(M- from generation to generation only in the egg. Recognizable 
plastitls are not to be seen in either egg or pollen, but some representa- 
tive of these structures must be present in the egg. Even if similar 
representatives wer(‘ in the pollen, they might never be transmitted to 
th(‘ offspring, for what reaches the egg from the pollen tube in fertiliza- 
tion (Figs. 13 and 24) is practically only a male generative nucleus. 
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If the pliistids reside in the cytuijlasm (protoplasm outside the nueleusi 
of the egg, and not in the pollen or are ine(Teetiv(‘ in the pollen, the* 
strictly uniparental transmission (jf variegation is exj)lained. 

Breast Cancer in Mice. - W hat appeared for a time to be cyto- 
plasmic heredity is the maternal transmission of susceptil)ility to 
breast cancer in mice. Strains of mice differ in their liability to tliis 
disease. In a “high” line as many as 85 or even 100 per cent of the 
individuals develop the tumors, though any lim' exhil)iting 50 peu’ c(‘nt 
incidence is reganh'd as high. In “low” lines, few individuals (down 
to O.l per cent) are susceptible. Crossing a high female with a low 
male yielded 39 per c('nt canc(‘rous olfspi’ing, while in the n'ciprocal 
cross (lew female by high male) only 0 i)er cent of the otTsi)ring devel- 
oped Ijreast cancer. It turiu'd out lalf'r that the cancc'r came from 
something in the milk of the nursing hunale. rnrelated mice feeding 
on her milk acaiuired the causiitive age-nt. C’are lU't'ds to be ('xercised 
to r\ile out such environmental agents in every aiipanait instance of 
maternal heu’editv. 

Cytoplasmic Influence under Control of Genes. — Some mat<'rnal 
influences, exertc^d through the cytoplasm of the ceils of the h-male, are 
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Sinistral (left) uiul <lextra! .shell 
ho <letoiiniiie(l by the hereditary 


s of .'ioail. The direetion of the coiling 
nature, not of the snail itself but of its 


nevertheless controlled by genes. An example is the inheritance of 

direction of coiling in snail shells. In some species the shell always 

coils to the right (dextral), in other species always to the left (sinistral). 

In a few kinds both dextral and sinistral individuals are found (Fig. 88), 

and in one of these it has been showm that dextral coiling is dominant 
over sinistral. 

Tlie direction of coiling, however, is not determined by the genes 
of the snud Itself, but by those of its mother. If the gene for sinistral 
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g otj pe _a I 4 . or LI ivill produce only dextral offspring. Even if she 
.0 mated rv.th a male that is LI or ll, and some of tLr offsprtog arelT 
>et these homozygous reccssives will show the dominant character 
because their mother carried the dominant gene L. 

The reason for this peculiarity is that the cytoplasm of the eggs has 
had impressed on it, before the reduction division, the influence that 

Sir Xf L mil produce only 

eggs that have experienced this influence, even if some of them have 

dextSSwill'^ maturation. Any ll offspring, though themselves 

thf evtn ' fT offspring, however, for 

the cytoplasm of thezr eggs grows under the guidance of the sinistral 

f maternal influence is mil be understood from 

the fact that direction of coiling m a snail is determined by the position 

^ hich the spindles of the dividing cells take in the early cleavages of the 

egg. The cytoplasm governs this position, hence controls direction of 
coiling. 


likewise sho^vn in the eye color of the meal 
moth Ephestia, though it is transitory and partial. When a hetero- 

zygous female (A a) is mated with a recessive male (on), some of the 
oltspring are of course homozygous recessi ves (aa) . These larvae show 
the dominant eye color at first (a cytoplasmic holdover from the 
mother) but become intermediate later. 

Diminution of Cytoplasmic Effect in Subsequent Generations— The 
disappearance of the cytoplasmic effect is more leisurely in some organ- 
isms and requires several generations. In beans, different varieties 
ave very unequal resistance to the mosaic disease, which is caused by 
a ‘'irus. ot JMichigan Robust and Corbett Refugee are resistant 
varieties. When they are crossed with susceptible kinds, the Fj plants 
resemble the mother much more than the father. If JMichigan Robust 
IS pollinated from a susceptible plant, the Fi generation is resistant, 
though somewhat less so than Robust itself. If a susceptible variety 
IS pollinated from either Robust or Refugee, the Fx plants are suscep- 
tible The resistance shown by Fj from the former cross is continued, 
but diminished, in Fa; and there is still some extra resistance in F3. 

n er the influence of genes that should make these later generations 
intermediate, the cytoplasm thus gradually loses its high resistance. 


PROBLEMS 


168 . WTiat feature of crosses indicates that a cliaracter is transmitted only 
through the mother? 
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169. How can coilinf? of snail shells be inherited “maternally” even thouKh it 
is controlled by pjencs? 

160. What is the explanation of apparent maternal inl^eritanee ui mammals? 

161. If a flower on a variegated hraneli of a fonr-o’eiock is poIlinat<-d from a 
flower on a green branch of the same plant, what will be the nature of the plants 
produced from the eggs thus fertilized? 

162. What evidence would be ruM'ded to show that plastids are carried by 
pollen cells as well as by eggs in any kind of plant? 

163. The eggs of silkworm moths may be eitlior oval (O) or spindle-shaped (o); 
GO and Oo females lay oval eggs, oo females spindh^-sliaped eggs. An Go or oo 
fertilized egg may be either oval fif the female that laid it is Go) or spindle-shaped 
(if tlie laying female is oo). How must one assume egg shape is determim'd? 
W hat do the facts show n^garding the action of the genes? 

164. If an OO female is crossed with an no male fsee preceding probifun) and the 
l*'i moths are mated together, from what shape or shapes of eggs will the F, moths 
hatch? What kinds of eggs will the Fa moths lay? 



CHAPTER 18 

DETERMINATION AND DEVELOPMENT OF SEX 

The dependence of sex on chromosomes was pointed out in Chap. 8 
in explanation of sex-linked characters and again in Chap. 15 as proof 
that the genes are in the chromosomes. In the mammals, most 
insects, and some fishes there are two X chromosomes in the female 
and only one in the male. Along with the one X of the male there may 
i)r may not be a Y chromosome. In the moths, birds, some fishes, and 
the caddis flies, the chromosome relation to sex is reversed. The male 
has two similar chromosomes related to sex (here called Z chromo- 
somes), while the female has only one. Along with the one Z of the 
iemale there may or may not be a W chromosome. As previously indi- 
cated, the X and \ , Z and \\ chromosomes are known as heterosomes. 

Heterosomes in Maturation and Fertilization.— The manipulation 
of these chromosomes in maturation is illustrated for an XO species- 
one lacking a \ chromosome in Fig. 89, which shows the male cells 
of the bug Protenor, The male has 13 chromosomes, made up of 12 
autosomes and one X chromosome. At the left of the figure is the 
reduction division, with the single X going to the lower pole. At the 
completion of this division the two daughter cells, shown in the middle 
of the figure, are unlike in their chromosomes; the one at the top has 
0 autosomes, the lower one 6 autosomes plus an X chromosome. The 
final spermatozoa are likewise of these same two kinds. The eggs of 
the female of this species all have 6 autosomes plus an X, like the lower 
male cell. When these eggs are fertilized by the two kinds of sper- 
matozoa, there result the two different combinations showm at the 
right in Fig. 89. One combination consists of 12 autosomes and one 
X (above), and this kind develops into males. The other combination 
(below) has 12 autosomes and two X chromosomes, and this kind 
develops into females. The spermatozoa are thus the sex-determining 
agents, the X-bearing type being female-determining, the one ^vithout 
an X (whether with a Y or not) being male-determining. 

In the moths, birds, and other groups having the Z or Z and W 
chromosomes, it is the female that produces two kinds of germ cells. 
Some of her eggs contain a Z chromosome; others do not. All sper- 
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matozoa are alike in coiituiiiinj^ a Z. th(‘ are S(*x-det(*rn0n- 

ing. All egg with a Z chroniosonie is male-detmnining, one without 
a Z (whether with a W or not) is ieinale-detei ininirig. 

Y ehromosonu's when present jiass down the male lim^ exclusively, 
in normal reproduction, hut V is not niale-(h‘terniining. The pri'sence 
of hut one X is what makes the individual mak\ chromosomes an' 
transmitted only in tlu' female line hut are not femal(‘-d('termining. 
It is the i>resence of hut on(' Z that makes the indi\'idual a fcmiale. 
lioth X and Z chromosomes act in 
relation to other chromosomes, oi- in 
!'(‘lation t(j the cytoplasm, as is pointetl 
out lat<‘r. 

Sex and Chromosomes in Plants. - 
'riie ]irohlem of sex det{‘i mination in 
plants is sonu*wha1 dillerent also, h(‘caus(‘ 
of th(‘ sejiaration of gametojihyte and 
sporoph3't(‘ generations, d(‘scrih('d for 
the inoss(*s on pag(‘ 41. In the flowca ing 
plants the gametophyte is nMluct'd to a 
sti'ucture c,ompos('d of three' to eight 
cells; the male garne'tophyte is the polU'u 
grain and is formeal in an anther; the 
female gametophyte is the emhryo sac 
(page's 23 and 40) and is lodged in 
a cai'pe'l. It is the gametophytes that 
really possess sex. If a sporophyte' generation, which is the con- 
spicuous memher of the cycle in fIow(*ring plants, allows only one kind 
of gametophyte to develop within it, tlu'se sporophytc's are then more 
or less properly designateal as male or female. 

Sex chromosomes wore first discovered in plants by Alien, studying 
a liverwort. Male gametophytes of this liverwort were found to con- 
tain 7 autosomes and a Y chromosome, female gametophytes 7 auto- 
somes and an X chromosome. The sperm and eggs produced by these 
gametophytes experienced no furtiu'r reduction, just as in mosses and 
were of the same chromosomal constitution as the respective gameto- 
phytes. ^ Ihe fertiliz('d egg thus contained 14 autosomes and an X and 

A . developing from the fertilized egg was likewise 

14A T X + \ and was, of course, sexless. 

In flowering plants also a number of species with distinguishable 
chromosomes associated with sex have been found. Mostly it is the 
male which is heterozygous (XY), l)ut in certain strawberries it is likely 


I'KJ. S 9 .~-ChI•om(l^f>nl 0 .s of an 
X() malo. tlu‘ hnt: Ptcjtonor. !■{<»- 
(luctlon (Hvi.slon at loft, ronltini; 
colls in middle. .\i right, (ii|)loid 
condition ro-'^t f>i't*d !)>• union of the 
two kinds (»f spermatozoa \N’itlj 
the one kind ((> - 1 - X) of ogK. x, 
the X chromo.somo. {Mudifu-d 
from 
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that the female is the heterozygous sex (like ZW in birds). No 

instance of XO, or the absence of a Y chromosome in the male, has 
yet been discovered. 

Sex Genes. Since chromosomes house the genes for inherited 
characters in general, the question promptly arose whether the X and 
Z chiomosomes as a whole are responsible for sex, or whether one or 
more genes for sex are located in them. The most fruitful source of 
information on which an answer to this question could be based has 
been the production of translocations (page 149) and deficiencies 
(page 85) in Drosophila. Such breakages can be induced by X rays; 
hence, abundant material for study is available. By using flies in 
whose X chromosomes there are mutant genes scattered along the 
map, to serve as markers, the location and extent of the aberrations 
can be roughly ascertained by breeding. The effect of aberrations at 
different places on the sex characters of the flies was at the same time 
observed. The general conclusion from such studies is that there are 
numerous X-chromosome sex genes and that they are distributed along 
much of the length of the chromosome. It is not necessary, however, 
that all of the genes (that is, the whole chromosome) be present to 
bring about normal development of sex. 

Genic Balance and Sex, — That sex genes are located also in the 
autosomes is proved by the work of Bridges on intersexes and super- 
sexes” in Drosophila. These modifications of the typical sexes are 
characterized by various degrees of development, not only of the 
ovaries or testes, but of other distinguishing marks of sex — the external 
genitalia, black bands on the abdomen, sex combs on the front tarsi 
of the males. Through nondisjunction, flies (or patches of their bodies) 
were obtained that had irregular numbers of chromosomes of the several 
pairs, and sex was found to be dependent on the ratio of the X chromo- 
somes to the autosomes. A typical female has two X chromosomes 
and two sets of autosomes; she may be formulated as being 2X:2A. 

A male, by the same characterization, is 1X;2A. Among the flies 
with unusual chromosome numbers, those in which the ratio of X to A 
was 1:1 (as in 3X:3A, 4X:4A, 1X:1A) were all females. When the 
ratio of X to A was between 1 : 1 and 1:2 (as in 2X:3A), the fly was an 
intersex (intermediate between the sexes). If the ratio was more than 
1 : 1 (3X : 2A) an exaggerated female (superfemale) was produced, while 
a ratio less than 1:2 (1X;3A) yielded a supermale. 

While the autosomes tended to behave as a group in nondisjunction, 
the small spherical fourth chromosome sometimes broke away. WTien 
this happened, it was found that chromosome 4 assisted the X chromo- 
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somo in favoring tcinalc'iK'ss, whiU' chnnnosoincs 2 ainl 3 favored niule- 
ness. It was a halaiua' of tlu^se two groups against (aich other that. 
detenniiK'd sex. It siauiis reasonahk* tu sus[)eet, tlien, that sex tnay 
he dop(uid<‘!it on geiu's in many ehromosonu's in animals in general. 

Also dependent on a halane(\ l)ut not ^\holly a genie balance, is 
the sox of the gypsy moth, as eoiua'ived l)y ( loldsehmidt. Jle regards 
the male-tletennining genes as residing in the Z cliroinosomes. u iiile th(‘ 
female-determining influence is in tlu' cytoplasm of the egg. A 



W if R silkworm moth larva. {From Goldschmid 

and Kalsuki in Biologisches Zenlralblatl. Verlag Georg Thieme, Leipzig.) 


balance between tlicbc two determines the se.x. Two Z’s are enouKh 
o override the cytopla.sm, and a male is produeed. A single Z, how- 
ever, IS dominated by the oytoplasm, and a female results. 

Gynandromorphs.— Sometimes, through irregularities of cell divi- 
sion, maturation, or fertilization, animals are produeed that have one 
chromo.some combination in one or several parts of the body and 
another combination in other parts. When tlii-se chromosome com- 
iinations are se.x-determinmg ones, patches of geneticallv female tissue 
may be mter.sper.sed among areas that are genetically male. In insects 
these adjoining areas are able to develop in accordance with their 
contained genes, and a sex patchwork results. Such mosaic individuals 
arc called gynandromorphs. An example is .shown in Fig 90 cater- 
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pillars of the silkworm moth that are male on one side, female on the 
other. 


Several possible means of producing gynandromorphs exist. One 
is through nondisjunction of the X chromosome in the first cleavage of 
the egg. A gynandromorph of Drosophila was proved, by mutant 
genes in the X chromosomes, to be of this kind. At the first cleavage, 
one of the X chromosomes was lost (did not enter either daughter cell, 



Fig. 91), so that only one X remained on 
the left side, while there were two X^s on 
the right. The resulting fly was male on 
the left side, female on the right. 

Another way of producing gynan- 
dromorphs is by means of eggs with two 
nuclei. Such eggs have been discovered 
in cytological studies. The two nuclei 





Fig. 92. 


Fig. 91. — Production of a gynandromorph by nondisjunction of one X chromosome 
in fir.st cleavage of Dro.sophila. Left .'«idc becomes male, right female. X chromo- 
somes are black, except the lost one, which is dotted. (.After Ster7i.) 

Fig. 92. -Maturation of a binucleate egg of a ZW species. Small cells at sides 
above are polar bodies. The Z chromosome remains in one egg nucleus, the W in the 
other, after reduction. A gynandromorph, male on the left, female on the right, 
could develop from it. 


were supposedly present before maturation began, and each is 
conceived to have gone through the maturation process inde- 
pendently of the other. If this binucleate condition occurs in moths, 
where the constitution of the female is ZAV, one of these nuclei may 


eliminate its Z chromosome into the 


polar body, while the other elimi 


nates its W chromosome (Fig. 92). 


The haploid nuclei are therefore 


one W and the other Z. If they are both fertilized (necessarily with a 
Z spermatozoon), one should develop female tissue, the other male. 
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'rh(‘ moth larvae in Fig. 90 eoulcl have come from hinucleate eggs if one 
combination nuchnis \v('nt to the l(‘ft side, the otlua- to the right. 

Sex in the Honeybee, —In tlie hon(\vbe(', tlu^ eggs may either Ix' 
fertilized or they may develop parthenogeiietically. The fertiliz(‘d 
eggs produce females (qiu'cns or workers, depcuiding on liow they an' 
fed in the larval stag('s), while unfertilized eggs yield males (drones), 
'riio males are thus ha])loid, the lemah's diploid. 

Uow sex is related to chromosomes in the honey})ee is not exactly 

known. The female ((pieen; has 32 chromosomes, and aft<u' reduction 

th(* mature eggs have 10. The mah* has oidy 10 chromosom(*s and, 

through an unusual type of maturation which involv(*s ccdls of verv 

% 

uiuaiual size, and in which there is in effect no n'duction, pnaiuces 
spc'rmatozoa likewise with 10 chromosomes. F<'rtilization of the egg 
restores the number 32 for the femak's, while mah's, developing 
parthenogenetically, have only 10. While there is a large chromosome 
difference between the sexes and while the tVmale may very well have 
two X cliromosornes and the male only oiu', then' would appt'ar to be no 
different ratio of X chromosomes to autosomes. Haploid Drosophila 
is still female, because the ratio of X to A is 1 : I. Either this ratio 
do('s not govern s('x in th(' honeyb('e, or then; is some feature of matura- 
tion that es(aii)es detection. 

Multiple Embryos and Sex.— As a rule one egg, fertilized or 
parthenogenetic, gives rise to one individual. In some animals, either 
as a n'gular occurrence or as an occasional event, a single ('gg may pro- 
duce two, a dozt'n, or hundreds of offspring. The larger numbers 
occur in the insects; in the armadillo it is four; while in man the 
number may vary from two to five. In man they are calk'd identical 
twins (Lig. 93), identical triplets, etc., referring to the fact that they 
have precisely the same genotypes. The litters of most mammals are 
not identical, since many eggs are iiberat<'d from the ovaries at the 
same time, and each fetus develops from a separate egg. 

The feature of multiple emljryos that is of interest in sex determina- 
tion IS that those of one group are all of the same sex. The meaning 
of this is merely that sex is determined before the embryos start their 
individual development. Were it not determined so early, the offspring 
ought frequently to be of different sexes, just as the members of ordinary 
litters usually include both sexes. Xow, this separation, or at least 
separate development, of the multiple embryos occurs rather early 
In insects, it is already taking place or has taken place when the 
embryonic mass is in the mulberry stage consisting of some hundreds of 
cells. In the armadillo, the number of cells in the blastocyst is 
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probahl}' greater than this wlien the buds that produce the separate 
individuals arise, but it is still an early stage. In species in which it is 
already known that sex is determined at the fertilization of the egg, 
multiple embryos give no new information; they merely confirm the 
conclusion drawn from chromosomes. 

In insects there are sometimes, in species which produce multiple 
embryos, l)roods which include both sexes. These proved very puzzling, 
and led to various explanations. The evidence now available appears 



I'lG. 93. Identical twins so much alike that even their mother often confused 
tljem. l-rom their origin from a single egg their genes must be alike. {From Wiggam 
in Journal of Heredity.) 


to indicate that two eggs gave rise to the mixed broods. These 
insects are mostly parasitic on other insects, and it has been observed 
that the parasite often lays two eggs in the host. If one has tha 
chromosome constitution of a male, the other that of a female, the 
resulting offspring should be of both kinds. 

Secondary Sexual Characters. — The organs that carry on the actual 
functions of reproduction are known as primary sex organs. Those 
that distinguish the sexes from each other but play no direct part in 
reproduction are called secondary sexual characters. Examples of 

s are the long tail feathers and spurs of fowls, 
the mane of the lion, the brilliant plumage of many birds, and the beard 
and baritone voice in man. 




DETERMIXATIOX A.\l) 


hKVKLOPM KST OF SFX 



In vertebrate animals the seeumlary st'xiial eluiraeters are mostly 
under the control of hormone's prtxlueed by the^ t(‘st(*s or en-arics. 
These' hormone's ai)pear to be* j)re)eiuce'el. ne)t by tlu' ge'rm e*e‘lls the'in- 


8(‘lves, but In' the interstitial ce-ils \vhich surrounel them; for tre'atrnant 
of the e)rguns with X I'ays ot i)ropei‘ eiosage' ma\' inne*tivale the ge'rm 




chiced, and at the next molt short f #i ^ h)i inal fuiutions and c^cs wtMo pro- 
Journal of p.oduc-ed (below). (/-Vo^n Col in 


C Is at least with respect to their reproductive function, without 
ntuformg w.tli the production of tlie liormone. Absence of the 
proper hormone at an early stage may prevent the dovolopmonl of the 
xpected secondary characters. Thns, castrated male Brmvn Leghorn 
fo.ls do not devlop their combs and wattles beyond the i.ne^ 
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ytage. Many other examples of such interference Avith normal develop- 
ment are on record. 

Sometimos the interference arises without man’s intervention. 
Cole describes a fowl which must originally have been a hen, but which 
when first observed had long tail feathers like those of a cock (Fig. 94). 
While in this partially male condition the fowl laid eggs from which 
normal chicks developed. After the next molt, hoAvever, the tail 
feathers were short, and the fowl was a tj'pical hen. The probable 
explanation is that some disease, perhaps tuberculosis, practically 



I n;. 05. Patch of skin from a barred male fowl grafted upon a self-colored female, 
before the feather characters had developed. {From Dnnforth in Journal of Heredity.') 

destroyed the ovary so that the usual female hormone was lacking. 
W hen new feathers developed after this change, long tail feathers were 
part of the equipment. Then the ovary recovered, and eggs were laid 
as described, but the long tail feathers necessarily persisted until the 
next molt. 

An important difference between secondary sex characters and 
ordinaiy genetic characters is shown by some transplantation experi- 
ments of Danforth. He removed a patch of skin from the back of a 
young female fowl destined to be of solid color, and grafted in its place 
skin of a barred male. A\'hen the adult feathers developed, there was 
a patch of barred plumage in the midst of self-colored (Fig. 95). The 
color pattern is an 01 ‘dinary genetic character. The secondary sex 
character involved is the shape of the feathers. In the male the 
feathers taper off to a point, while in the female the ends of the feathers 
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are rouml<'d (.1‘iji- 9()). tlu' t ransj)lant(*(l patch was examined, 

it was found tlutt tlu^ feathers w('re rounded. 'I'houjih thest' f('attte]-s 
canu' from a maU' and would tliere iia\e Ixm'u pointed, llu'y assumed 
th(; round(‘d form on a f<'male. Mere trans])lantation was not th(‘ 
cause of tlu‘ chanjic' of shape, for skin grafted from mal(‘ to mal(‘ hon' 
point(‘(l teatlu'rs (I'iy;. 9t), H). l*att(‘rn is ^'(‘netic in the ordinar\' 
sense; shap(‘ of feather is a secondary charaett'r. Strictly speakinjz;, 
tlie secondarv chai'acti'rs ar(‘ likewise* jiieau'tic; hut siric(‘ hornioiu's are* 



1 Mi. t»). Ilio <lifftMcii<-o l)ct\voc>M orUiiiaiy iiiiioi itcd cliarafters and .■^ocondarv 
M*x.ial cljaracUns .1. foallior erodurod by ..kin of a bla. k fcnnalc* tran.-^plaiUcd to a 
hat tud male: H. frotn ji banod tnaio ti ansi)bUcd to anotlu-r lian ed nialc" (' foatbor 
f.^o.n tlu- lo.nalf fowl .show,, io Do, .lovolo,,,.,! f,o„. hor ow„ skin; 1). fro.n .i,o trans- 
Dlanloii Datcli ol .skui on tlie fowl of I'iK. i)5. (I'rom Dati/orth in Journnt of lien, HI u.) 


l)iu-t of the meclKinisni of their development, it is ndatively easy to 
hriiif!; about environmental modification. 

Sex Reversal.— Occasionally environmental influence may com- 
pletely reverse the sox of an individual, both as to gonads and duets 
find as to secondary characters. A remarkable instance of reversal i.s 
that of an aflult hen which became a cock, as reported by Crew. This 
hen had hud normal eggs from which chicks hatched. Then she began 
to develop the secondary characters and the behavior of a male (Fig. 
!)f). When the change appeared completed, the fowl was used as a 
mak-, and actually fathered normal chicks. The reversed fowl was a 
BuR Orpington, and, to prove that it was aetuallv the father of the 
chicks produced, it was mated to a hen of another breed. The chicks 
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had Buff Oipington characters, ^vhich their mother, even if she had 

IJieviously mated (which could have happened only with males of her 

<m n breed) could not have given them. Postmortem e.xamination of 

le leversed towl showed that the original ovary had been destroyed 

by a tumor caused by tuberculosis, and for some reason a testis had 
ht'cii protiuced by regeneration in its place. 



'T " O'*'-'-'- “nd line, in the 
aii^foi ination of a female into a male. {From Crew in Journal of Heredity.) 


Intersexes.— Incomplete sc.x reversal often leads to the production 
of individuals mtermediate between the sc.xes. Usually such organisms 
are patchwork in a sense, because their various parts are not inter- 
mediate to the same degree. Some structures may be more like the 
female, others more like the male. Individuals like this are not 
gynaiidromorphs, because the parts arc not definitely and clearly male 
oi female; the parts, or at least some of them, are intermediate. Such 
intoi mediute individuals are known as intersexes. 


1 he nature of intersexes has afforded a clue concerning the manner 
of theii pioduction. Goldschmidt, in intensive studies of the gypsy 
moth, has offered the following explanation. An intersex is an indi- 
V idual that started development as of one sex, experienced a change of 
developmental physiology at some point, and thereafter proceeded to 
develop as of the other sex. The various structures that distinguish 
the sexes have their fate decided at different times. If an embryo 
starts developing as a male, any sex organs having their future decided 
early will be of the male t 3 ^pe. Then the physiological change takes 
place, development is thereafter that of a female, and any organs 
determined later will be female. Since either the physiological change 
is gradual, not sharp, or the determination of the fate of structures is 
spread over an appreciable time (not momentary), some or all of the 
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structures resulting are intermediate. An intorsex gypsy moth is 
shown in Fig. 98 between the typical sexes. Th(‘ intermediacy is most 
apparent in the pattern of the wings but is obser^■able also in the size 
of the body and in the antennae. 

What are essentially intca-se.xes are produc(‘d in cattle through 
hormone action in f(‘tal de^■elopment. When twins ar(‘ produced, 
they may be both males, both females, or one of (aich S(‘X. In any of 
these eases, the embryonic blocal \'(‘ss<‘ls 
may be separate, or may join to a gr('at(*r 
or less th.'gree. If on(‘ twin is mah^, the 
other female, and if their bhaxl v(‘ss(‘ls 
anastomose anywher(\ the blood of tlie 
male may flow through tl)e \'essels of the 
female, or vicci versa. The inah' hUus 
d(‘velops a little faster than tlu; female, and 
arrives earlier at the stag(‘ in which th<' .sex 
hormones are produced. The mah' lior- 
mone thus traveds in tlui v(‘.ss(‘ls of the 
female b(‘fore any female hormone is pi*es- 
ent. The elY(‘ct of the mah' hormone is to 
arrest female development, and tlu' temale 
fetus never do(‘s naich the stage of hormone 
production. The original female thus con- 
tinues its development more or h'ss as of 
the male type and becomes an inters(‘x. 

An intersex which is made so bv acti(jn of 
a hormone of the opposite sc^x is calk'd a 
freemartin. In cattle the freemartins are all modified females. 

Intersexes, whether in man or other animals, arc almost invariably 
sterile. 




Fig. os. — G>psy moth in- 
torsox between tyi)ieal female 
(above) and ty[)ieal male 
(Ijclow). (From Goldschmidt 
in Ergehnisse dcr liiulogie.) 


PROBLEMS 

166. How lias it been shown tliat there are a luiinher of sex K^nes in tlie X 

eliromosoine and that tliey are (ILstribnted o\er a eonsidoi'atile portion of tliat 
ehroinosoine? 

166. How was it sliown for Drosophila tliat sex is dependent on autosonies as 
well as heterosornes? 

167. How eould a riKlit-h'ft synandrornorph be explained by assuming that 

fertilization did not take plaee until after the egg nuidcus had divided once 
parthenogenetically ? 

168. How was the distinetion between ordinary genetic characters and second- 
ary sexual characters demonstrated in fowls? 

169. Why should intorsexes usually bo sterile rather than hermaphroditic? 
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170. Why is an artificial increase in the proportion of one sex not necessarily an 
environmental determination of sex? 

171. How do you suppose maturation of the spermatozoa of a male honeybee 
avoids a further reduction of the chromosomes below the haploid number? 

172. Among ornamental fishes certain species have the XY mechanism of sex 
determination, others the ZW mechanism. If a ZZ male were crossed with an XX 
female, what prediction would you make regarding the sex of the offspring? 


( II.VPTKK U) 


HEREDITY AND EVOLUTION 


Dospit(‘ thoir conservatism, which th(\v owe to their genetic mecli- 
anism. the ty(>es of orgaiiiMus on t!te earth have nmlergone considerable 
ehang(‘ through long periods ol time. I here* ai'e many indications that- 
the h\indr(‘<ls of t housam Is ot sjx'cies no\\‘ in (*\istenc(* ha\ ung 1 1 oni 
r(duti\'ely few oi'igins ol lil(*, perhai>s twen trrnn only onc' (.n'igin. 1 hese 
indications come from similarities of structurt', t)l development, or of 
])hysiology, from distribution on the earth, and Irom tossils. A\ith 
practical unanimitv, Itu' ('vidtaice points to a ver>' extensive evolution 
of living things. How has this changt' come about? 

From all that can be seen happening m»w. or inferred from the end 
results of past occurrences, evolution is and has Ixm'II slow. \\ hen any 
change is (‘ff('cted, it lasts for a long time as a ruUv The scheme ot 
living things is plastic but is also resistant. There is nothing chaotic 
about evolution; it is certain there arc* brake's upon it. The reasons 
for both the existence of evolution and its slowness are matters of some 
importance. 

llei-edity may be countc'd upon to furnish the resistance. The 
])rotein nature* of the genes and the very spc'citic nature of their actions 
provide a strong tendency to maintain the siah/s quo. If, then, change 
is possible, and if alterations may themselves become semipermanent 
through heredity, tlie evolution process is larg(*ly explained. Heredity 
and evolution used to be regarded as antithetic phenomena. One was 
thought of as undoing the work of the other. Difficulty was experi- 
enced in conceiving of heredity taking up the changes produced in 
evolution and making them permanent. 

All this difficulty was gradually removed with development of 
understanding of the iMendelian mechanism. It was realized that the 
changes which constitute evolution occur in the genetic mechanism 
itself. The mechanism of hereditv is also the mechanism of evolution. 

v 

It is responsible for both the modifications and their permanence. 
The problem of evolution is first of all to discover how the genetic 
mechanism operates to bring it ab^/Ut. 

Primary Sources of Variation. — The primary method of producing 
change is through mutation, or modification of individual genes. The 
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genes are chemical substances of a highly complex composition, hence 

they are subject to alteration; and an altered gene has a different effect. 

When the gene at locus 104.5 in chromosome 2 in Drosophila changes 

in a particular way, a fly that has two such modified genes develops 

blo^^n eyes instead of red. That change took place many years ago, 

and the new gene has remained unaltered through a long line of descent 
ever since. 


Hundreds of genes have mutated in Drosophila since the year 1910. 
1 I obably they had been doing so earlier. The structures modified are 
the eyes, wings, body, bristles, and legs. A few of the mutated charac- 


ters arc shown in Fig. 99. 
every part of the plant. 


Corn also has experienced such changes in 
Smaller numbers of mutations have been 



I’lG. 99.— Some of the modifications that have arisen in the vinegar fly DrosophUa 

rnelanogaster siixcQ 1910. A, normal wing: B. beaded wing; C, notch wing; A vestigial 

wing; h. miniature wing; F, club wing; G, rudimentarv wing; H, truncate wing; I, 

noi mal red eye; .7 . bar eye; A’, eyeless; L, white eye. (From Shull, LaRxie and Ruthven, 
Principles of Animal Biology.) 


observed in mice, rats, guinea pigs, and rabbits. Every animal or 
plant that is raised in large numbers under careful scrutiny has pro- 
duced mutations. It is safe to assume, therefore, that modification 

of genes is so widespread that evolution may be regarded as starting 
in that manner. 

Other methods of introducing change are either minor or secondary. 
One of them is change of position of genes. While genes have a 
definite arrangement in tlie chromosomes that is regarded as normal, 
their relations to one another may be disturbed by translocations, 
inversions, duplications (page 86), and unequal crossing over. The 
first “position effect” discovered was that of the bar-eye gene already 
discussed (page 153). A number of other position effects have been 
found since then. A gene in one position in the chromosomes does not 
always do quite the same work as in another position; the characters 
of an animal or plant may thus be changed merely by rearranging the 
genes. 
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An important source of change is the doubling of the chromosoiTu* 
number in the cells. Any change in the number of chromosomes is apt 
to modify the nature of the iiiflividual in which it occurs. Even a 
change of only one in that number is often noticeable in physical 
appearance, ^^'e have already observed how the loss of one fourth 
chromosome changes the app{‘arance of Drosophila (page 84). Addi- 
tion or subtraction ot two, three, or tour chromosome's has comparable 
etYects. The sjx'cial significance of eloubling tlu' number of chromo- 
somes is tliat it mak(‘s normrd maturatiem of the gt'rm cells ptjssibh'. 
The homologous chi-omose)mes pair in that ])rocess, and the pairc'd 
chromosomes pass to different cells. When all chromosomes pair, all 
germ cells have like groups of tliem. If only one chromosome' is aelde'el, 
it cannot unite with any otherj the' odel chre)mose)me go(*s to some' germ 
cells, not to e>thers. Adding more than enie e'hromosome, unle'ss they 
are homole)ge)us, increases the irregularity, and many ce-lls are incapable' 
of functioning. The aelvantage of ele)ubling tlie chre)mosome‘s is that 
there are two like e'hromosomes of every kind, all ehr(miose)m(^s pair, 
and all germ cells recei\'e similar groups e>f chromejsome's. 

One of the ve-ry common etYects of this doubling is larger size and 
more vigorous growth, as observed in evening primros('s, Jimson weeds, 
tomatoes, and other plants. Xew races and sp(*cies have originatt'd at 
a single step by this method. A arieties ot Tetvinias have sprung from 
other varieties by doubling the chromosomes; the tape grass or wild 
celery, Valli,sneria fipiralis, with its 20 {•hromosonn's produced another 
species 1 . gigaiitca with 40 chromosomes; Oenotherd lamarckiana with 
14 chromosomes produced O. gigas with 28 chromosomes, etc. 

Recombination. — Once a multi|)licity of unlike genes at various 
loci have arisen by mutation, the chief source of further variation is 
recombination. The genes are brought together in ever new combina- 
tions as rapidly as crosses are ctYected between individuals differing 
with respect to them. Mutation does not stop, but a greater amount 

of <lifference among individuals is derived from recombination than 
from changes of genes. 

With the general principles of recombination we are alreadj^ famil- 
iar. It takes place whenever two animals or plants differing in ti\o 
or inore characters are mated. It is freer if the characters are inde- 
pendent of one another (genes in different chromosome pairs), but 
inkage is no barrier to the ultimate production of every possible 
genotype. All the combinations expected from a certain mating mav 
be realized in somewhat fewer generations if the genes are independent 
than If they are linked, but in a long-range phenomenon like evolution 
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a few generations are unimportant. With even the greatest possible 
hindrance by linkage, variation by recombination should still occur more 
rapidly than the new types can fit themselves into the environment. 

Were mutation to cease, recombination would finally reach a quali- 
tative conclusion, in that all possible genotypes would exist unless 
other factors prevented that result. A population in which this had 
happened would include a certain proportion of each of the genotypes. 
What proportion of genotype there would be would depend on the 
relative abundance of the alternative genes. Thus, if in a population, 
90 per cent of the chromosomes of pair 1 had gene A and 10 per cent 
gene a; if 75 per cent of the chromosomes of pair 3 had gene B and 25 
per cent gene h\ and if 00 per cent of chromosomes of pair 7 had gene 
M and 40 per cent gene m; then each of the 8 phenotypes, or the 27 
genotypes, into which the genes da, Bh, and Mm could enter should 
exist in a certain calculable fraction of the population. If, however, 
the respective percentages were 80 and 20, 45 and 55, 17 and 83, the 
fraction of the population represented by each genotype or phenotype 
would be different. All this is based on the assumption that the 
various kinds mate at random, that all are equally fertile, and that 
none of them possesses anj' advantage over the others. 

Such an equilibrium never actually exists. It is only an ideal condi- 
tion from which to measure fluctuations or more permanent changes. 
The equilibrium is repeatedly upset by new mutations, which permit 
more combinations to be formed. Some genes are bred out of the 
species, causing a reduction of variability. Some of the genotypes 
turn out to be more frequent than is expected, purely as a result ot 
chance. Moreover, mating is probably never random, for in most 
species, o\\'ing to restricted travel, each individual is limited in its 
choice of mates to those in its neighborhood. Under these several 
conditions, if something happens in one area of a species — a new muta- 
tion, accidental excess of one genotype — there is bound to result, m 
that immediate neighborhood, a redistribution of the proportions of the 
various genotypes. Something like a local race anses, even though 

there is no visible change in the organisms. 

Migration also changes the relative frequency of certain genes oi 
combinations merely because, in their travels, more animals of certain 
kinds happen to move about. Local races, differing in gene frequen 

cies, are thus established. 

With all these factors working against an equilibrium, recombina 
tion of genes goes on continuously. As stated earlier, it is the principa 
source of change after mutations have accumulated. 



HEREDITY ASD EVOEUTIOX 


t 



Hybridization of Species. — The recombination just described rt'sults 
from hybridization among individuals having to some extent diffeitMit 
genes. A somewhat more radical recoml>ination is effected when 
organisms belonging to different species cross. Although individuals 
of the same species may diifer in one or several genes, tliose of different 
species mav be unlilvc in dtjzens of them. It is not abvays, not even 
usually, possil)le to cross species, for there is a strong t(‘ndency toi' 
species to be iutersterile. Some of them will not mate, (^r their germ 
cells will not unite, or the hybrid does not reach maturity. Other 
species leap all these hurdles, cross, and yi(‘ld oHspring, but tlu^ 
hybrids arc sterile. Tlu're are, huwev(‘r, many gra<les of int('rt(‘rtility 
between species, and some such crosses are as Iruittul as matings within 
species. When there is high fertility, recombination ot the characters 
of the two species occurs about as fnaiy as recombination \v\th a species. 

One difficulty in species (grosses arises fr(^m diifer(mces in the chro- 
mosomes of the two sp(‘cies. Tliese dilTen'ina's [^rc'vent some pairing 
of the chromosomes in the hybrid, with the i)roduction of irregular 
germ cells. In this situation, doubling the chromosomes is again ot 
service. If one species has 18 cliromosomes (the haj)loid number 
n = 9) and another has 21 {n — 12), the h>-brid would have 21, l)ut 
they could not l)e matched in ])airs. llowevcu*, if tlu'se 21 chromosomes 
are duplicated, there are at once 21 pairs of identical chromosomes, and 
pairing before maturation should be facilitat(*d. Apj)arently, ordinary 
tobacco, Nicoliana fahacum, originated from a cross between X. 
.sylvestris and X. tomvntoaay or between .V. sylvestris and X . rusbyi in 
which the chromosomes of the hybrid were duplicated. 

Cause of Mutation. — While mutations are presumably the material 
with which species are created, there is little information concerning 
the reason for such changes under natural conditions. That the 
alterations must be chemical modifications has been assumed. Produc- 
tion of mutations by artificial means is not at all difficult (page 153). 
The first notable success in this line was that of Muller who, by 


X-ray treatment, speeded up the production of lethal mutations in 
Drosophila to 150 times its normal rate. Structural mutations were 
subsequentlj-- induced by the same treatment, such as the character 
“scute” in Drosophila (Fig. 100). Other types of radiation have 
likewise proved effective. Radium has been so used in barley, 
Datura, the evening primrose, snapdragons, and others; ultraviolet has 
produced mutations in Drosophila, snapdragons, and corn; and high 
temperatures applied to the larvae induced such changes in Drosophila. 
Age of pollen or seed determines the number of mutations in some 
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plants. The seeds of snapdragons and Datura yield many more muta- 
tions at an age of 7 to 10 years than they do if germinated promptly. 

At first it seemed possible that radiation might be responsible for 
mutations occurring naturally, since the earth sends forth such rays 
at all times. Some calculations based on the intensity of this radiation 
showed, however, that there is not enough of it. 




Fi( 5. 100. — ^ isihle mutation produced by X rays in Drosophila melanogaster. Nor- 
mal fly at left; “scute” mutation (absence of certain long spines on head and thorax) 
at right. {From Svrebrovsky and Dubinin in Journal of Heredity.) 

Because of its historical interest, mention should be made of the 
old view that environment in general might cause mutations by modify- 
ing the body in some respect and that this altered body would then 
produce mutations in the germ cells within it. This idea has been 
generally abandoned, but an example showing how it might have arisen 



Fig. 101. — A sea squirt, dona intestinalis. At the left, typical animal. At 
tlie right, similar indi^^dual after nine days of especially abundant nutrition, showing 
the elongated siphons. (From Fox in Journal of Genetics.) 

will be useful. In the sea squirt Ciona water travels through the body, 
entering and leaving by two projecting tubes called siphons. Kam- 
merer cut off these siphons in a number of individuals, and allovv'ed 
them to regenerate. The regenerated siphons vv^ere longer than those 
removed. He then obtained offspring from the regenerated animals 
and found that these likewise had long siphons. Kammerer supposed 
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that the long siphons of the offspring were inherited as an accpiired 
character, which would mean that the regenerated siphons of tlu^ 
parents had induced a long-siphon mutation in one or more of the germ 
cells in the bodies of the parents. The experiments were repeated by 
Fox who was unable to obtain the same results. He discovered, how- 
ever, that individuals especially well fed grew long siphons (Fig. 101 ). 
It seems likely that Kammerer had cared for his regeneratiTig animals 
and their offspring better than those with which he compan'd them 
and was deceived into thinking that the nutritive effect was the result 
of a mutation inducc'd l>y an altered body. 

Direction of Mutation, — Tlie remaining problems of evolution, as 
related to genetics, arc* mainly those of guidance. A\’hat has caus<‘(l 
evolution to take the course it has followed? It has j)ro(luc(*d tlie 
thousands of species existing at the presc'nt time, when it might con- 
ceivably have led to organisms of very differc'nt kinds. The agents 
causing change* might have been v(‘rv much the same as thc'v have* b(‘en 
and yet have produced in the end sp(*cies (piite different from any we 
now have. 

The first step in the guidance of evolution has b(*en the guidance of 
mutation. Kvolution cannot go in directions in which there are no 
mutations. It is (luite clear that mutations are not happ(*ning in 
every conceivable way and that some mutations which do happen arc^ 
more abundant than others. That is, the direction of mutation is 
limited by something. 

It is to be expected, from the chemical nature of the genes, that 
they can be modified in some ways, not in others. All chemical sub- 
stances are similarly restricted; they enter into certain reactions, not 
into others. Their chemical structure is the reason for this limitation. 

Parallel mutations in different species illustrate the restriction on 
direction of mutation. If the sorts of mutation that arise are not sub- 
ject to some guidance, the mutations of one species should not show 


any particular resemblance to those of another species. Yet such 
correspondences are common. In two species of Drosophila, D. 
me.lanogasier and D. simulanSj the similarity is very marked. In each 
of them there have appeared prune, white, ruby, and garnet eye-color 
mutations; in each of them a yellow body-color mutation; in each of 
them crossveinless and rudimentary wings; in each of them forked and 
bobbed bristles; and some others. When their chromosomes are 


mapped (Fig. 102), it is found that these genes are in about the same 
order in the chromosomes of both species. One might at first suppose 
that each of these mutations arose just once, in either species, and then 
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was transferred to the other by hybridization. But that cannot 
happen; for though these species can be crossed, and offspring obtained, 
these offspring are completely sterile. The mutations that are found 
in both species must have originated in them independently. That so 
many of these mutations should be identical is inconceivable, unless 
the direction (nature) of mutation is being guided. Presumably the 
chemical structure of the similar genes furnishes this guidance. 

Other indications that mutation is directed are the repeated occur- 
rence of the same mutation (scores of times for the white-eye mutation 



of Drosophila) ; and reversibility of mutation (the tendency of a mutated 
gene to go back to its original form rather than to some other new 
one). Neither of these things should happen if mutation were puiely 
random as to nature (direction). 

Chance in the Direction of Evolution. — When mutations have been 
produced, they begin at once the process of combination with other 
genes. If they enter into these combinations purely at random, it is 
expected that each combined genotype ^vill exist in a certain fraction 
of the population, as explained in an earlier section. The expected 
fraction is, however, seldom realized. The actual proportion is usua y 
something else, above or below expectation. This fluctuation is due 
to chance.” The genes may not enter into the germ cells in quite 
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the expected proportions, the germ cells that are fertilized may not 
be drawn from the various classes in proportion to their numbers, the 
individuals that mate may not be taken proportionately from the 
several genotypes. 

After the offspring are produced, there is a good deal of accidental 
elimination among them. Many are lost because they happen to b(; 
at a certain place where a destructive event (dr\nng of a pond or a 
forest fire, for example) occurs — an event over which they have no 
control and from which they could not escaije through any individ\ially 
different qualities which they might possess, }^y means of these 
fortuitous occurrences, a sort of evolution tnay occur. Relatively more 
individuals of genotype AaHJiCc may exist in tt\is generation than in 
the last, and they jyiatj be even more abundant in the next. Though 
not highly probable, a succession of changes in the same direction may 
occur, retlounding to the advantage or disadvantage of some particular 
genotype. 

Changes may happen in one part of the range of a s])ecies, not at all 
or in the opposite direction in another part . \\ hen a mutation occurs, 

it must arise at some one place. Since* migration in most organisms is 
neither rapid nor extensive, the mutated gene and its descendants 
remain for a long time in a limited area. Furthermore, in the migra- 
tions that occur individuals of one genotype may accidentally collect 
more abundantly in one place than in another. As a resvdt of either 
of these processes, a species may become di\dded into a number of 
mildly different local ra(*es, purely by accident. 

Although an extensive evolution can hardly result from chance 
alone, Wright, after a careful mathematical study of the random 
operations of the genetic mechanism and the random behavior of 
animals, is of the opinion that subspecies of a species, or perhaps even 
species of a genus, might arise in this way. 

Selection. — The remainder of the guidance of evolution is largely 
a question of choice among classes of individuals. The genes possessed 
by each generation must come to it from its parents. If for any reason 
the parents possess one genotype more frequently than another, the 
offspring will have more abundantly the genes of that class. Any 
tendency of one genotype to produce more than its share of the next 
generation must result in an increase in the frequency of its genes. To 
illustrate concretely, suppose that in any generation, at a certain locus 
in the chromosomes of a species, 80 per cent of the chromosomes 
contain gene .4 . 20 per cent gene a. Random matings among the 
individuals, and equal fertility of all of them, would make the following 
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generation consist of the product (0.8 ^ + 0.2 a) (0.8 ^ + 0.2 a), 
which is 0.64 AA + 0.32 Aa + 0.04 aa. The genes are still in the 
ratio of 8 .4 : 2 a. With random mating and equal fertility, the ratio 
remains the same indefinitely. 

Suppose, now, that in some generation reproduction is not random. 
Assume that, among the individuals that reproduce, the heterozygotes 
(Aa) make up not the expected 32 per cent but 40 per cent, that the 
A A group drops to 55 per cent, and that the aa group rises to 5 per 
cent. Only / 5 per cent of the genes at this locus in the parents are 
now A, 25 per cent a, and the next generation should consist of 
(0.75 A + 0.25 a) (0.75 A + 0.25 a) = 0.5625 A A + 0.375 Aa + 0.0625 
aa. The homozygous recessives (aa) have risen from 4 to 6>^ per 
cent, the heterozygotes have increased, but the AA group has declined. 

Ihe above changes in proportions of classes of individuals resulted 
from a disproportionately large number of two classes and a smaller 
proportion of the third among those which reproduced. Precisely the 
same sort of change will occur if all individuals reproduce, but some of 
them are more fertile (produce more offspring) than others. Differ- 
ences in fertilitj^ among individuals of a species are quite common. 

is caused by certain genes, those genes should 
increase in frequency from generation to generation. As the favored 
genes increase, their alleles diminish in number and are finally bred 
out of the species. 

Any gene that causes its possessors to leave more descendants is 
said to possess a selective advantage. It may do this by increasing 
fertility, by saving lives that would otherwise be lost, or by merely 
prolonging life if the reproductive period is likewise prolonged. The 
only advantage which a gene can confer that is of any significance in 
evolution is ability to leave more descendants. Ease in getting food, 
facility in escaping enemies, attractiveness to the opposite sex are all 
advantages in evolution only if they result in a larger relative number 
of descendants. 

One of the consequences of the preponderant influence of selection 
in the guidance of evolution is the remarkable adaptation of living 
things to their environment. Perhaps this statement would seem 
more significant if it were turned about: the chief reason for attributing 
the highest role to selection is the prevalence of adaptation, for selec- 
tion would lead to fitness. One who notes that most mutations are 
harmful, at least in some physiological respect if not in curtailment of 
descendants, may wonder how evolution can ever be adaptive. There 
are two answers. First, it has been sho^^'n in Drosophila that certain 
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genes, by themselves al! harmful, in combination with one another are 
beneficial. Tlu' mutations of Xeurospora (page 155) that destroy the 
capacity to synthesize some needed substance should all be regarderl 
as harmful; but one mutation discovered by I’hnerson and ('ushing 
enables this mold to grow better than the wild type on a medium con- 
taining sulianilamide (iMg, lOdt. ^\hile this particular substance is 
not naturally present in the mohl’s environment, the possibility exists 
that some mutation will enable the mold t<t liv(‘ in situations now closed 
to it. A new sp('ei(‘s could well get its start from such a mutation. 
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Isolation. One peculiarity of spe<-ies is nut accounted for in the 
foregoing description of the evolution ijrocess. That is the rather 
sharp definition of each species from otlua- specie's. Although ditTer- 
eiices within a species merge gradually into one another, those between 
species are mostly rather sharp. An individual can as a rule be assigned 
to a certain species without eiuestiou be'cause of this clear seixiration. 

he sharp definition results from the absence or scarcitv of intermediate 
lorms. 

On the \\-liole the distinctness of species results from the absence 
or infrequency of crossing between them. Sometimes the lack of 
crossing stems from geographic separat ion of the ranges. Occasional! v 
there is an impassable barrier between them. .More fre.iueiitly how- 
ever, the species could intermingle freely and still be isolated genetically 
fh.s isolation results from the inability of different species to breed 
«ith each other. .Although as pointed out earlier there are species 
that cross freely and some from whose hybriils new species have been 

nou n to arise, mosff .species are unable to cross at all or at best proiluce 
liaitiully or completely sterile hvbrids. 
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eie it not foi this isolation, the distinctions between species would 
largely disappear; the gaps would be bridged over by intermediate 
individuals. Whether the merging of species into one another would 
be an advantage or a disadvantage is uncertain. Probably it would 
make little difference one way or the other in the success of the organ- 
isms. But one very characteristic feature of living things would be 

removed, and the problem of the classifier would either be much more 
difficult or not exist at all. 

How isolation (other than geographic) is brought about is known 
for only a few species. As between Drosophila melaiiogaster and D. 
simulans, whose mutations and chromosomes are so similar, the 

^ l"i a. t may be regarded as sterility genes. 

Steiility arises from the interaction of two dominant genes of different 
paiis. One species has one of these dominants, the other species the 
other dominant. Each species is fertile within itself, but in their 
hybiid the interacting genes are brought together and sterility results. 
In some othei examples, sterility results from unmatched chromosomes 
in the hybrid. 'Ihe chromosomes do not pair properly and are dis- 
tiibuted irregularly in maturation. AVhile some germ cells should 
accidentally receive a viable chromosome combination, many would 
not, and partial sterility would result. AVhen species mate but do 
not produce any offspring or when they do not mate, the difficulty may 
be chemical (within the germ cells), or structural, or psychological. 
Species whose germ cells mature at different seasons are very effectually 
isolated, even though living in the same region. 

PROBLEMS 

173. \\ hy cannot evolution occur in ev^cry conceivable direction? 

174. How does a doubling of all the chromosomes help to bring about evolution 
through the crossing of species? 

176. \\ hat is the argument that a change i:i the frequencies of alternative 
genes constitutes evolution even when no change in the appearance of the individ- 
uals can be detected? 

176. How does the origin of mutations bear on the question of inheritance of 
acquired characters? 

177. At what places in the evolution process is chance an important factor? 

178. IV hy must selection be regarded as the principal guiding factor in 
evolution? 

179. What must a character do to h«ave an “advantage” in evolution, as com- 
pared with an alternative character? 

180. Can you think of a reason for supposing that reproductive isolation of 
species is an advantage iii evolution as compared with free intercrossing? 



CHAPTER 20 

INHERITANCE OF HUMAN STRUCTURAL CHARACTERS 

A few fmman clunacte.s l,ave already been p.v.ented at various 
points where they appear to illustrate e.u tain types of Kenetie phenom- 
<na. It IS (lesuab e now to ad.l a representative Ktoup of others, many 
of nhich are too little understood to be useful in the illustration of 
pnnciples. these are eolleeteil in this and the two following ehapters 
In .se eetuig el.araeters for iiielusion, out of the hundreds al.out whieh' 
•something IS known, weight has beim given to their signifieancc to 

extent of knowledge coiieerning them. For <-onvenieiiee they are 

elassihed as striietiiral, physiologieal, and mental. 'I'his division is 

largely arbitrary, sinee struetiire arises out of the physiology of develop- 

-nent, ph,.iology difTers according to structure, and mmital qualities 

est on the structure and physiology of the brain. Characters are 

lb ed as structural if they are detected chiefly by ob.servation in the 

absence of any particular activity, but the line between structure and 
tunction IS not ea.sily drawn. '’nucuiu and 

Difficulties of Human Heredity.-The student of hereilitv in man 

th:7o7i:x::tf77:;7i;:lnTdr ^7^-" 

apparently dominant in another. A character that is t ^ '-If 
One source of uncertainty is the lack of exoerimant • o 

Where dominance is in dispufe ti7 ^ ® “ 

genotypes of different individuals or diffp''*‘'7f "^7 " 

1 1 
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other genes. Only homozygous human strains, bred to a given set of 
characters, could be free from discrepancies of this sort. 

When a character is generally dominant in one large kinship, 
lecessive in another, the explanation may lie in multiple alleles. The 
“normal” gene may have mutated in two different Avays, one form 
being dominant, the other recessive, in the midst of an ordinary set of 
other genes. When a character usually autosomal shoAvs apparent 
sex-hnkage, there may have been translocation of a chromosome seg- 
ment containing its gene to one of the X chromosomes. When a trait 
that is sex-linked, and therefore passes (in phenotype) from father to 
daughter and mother to son in certain crosses, suddenly begins to go 

Irom father to son, the explanation might be crossing oA^er betAveen X 
and Y chromosomes. 


Often all that pedigrees show about a certain character is that it is 
occasional or frequent in some families, entirely wanting in others, 
this means that it is in some degree inherited, even if there is no clue 
to the method. The same conclusion is reached when there is distinct 
correlation (see Appendix) between parents and offspring, or between 
brothers or sisters. Greater similarity between identical twins than 
between other brothers or sisters likewise indicates heredity. These 
peculiarities and weaknesses of the sources of information are adequate 
to explain much of the indefiniteness of statement that must be 


employed in the following pages. 

Eye Color. — Color of eyes Avas referred to briefly (page 56) in 
discoA'ering recessiA’eness or dominance of a character from a family 
histoiy. Inheritance of eye color is someAA'hat more complex than A\'as 
theie suggested. The tissue of the iris contains minute bodies that 
leflect blue light, as the sky reflects blue. When there is nothing to 
obscuie this reflection, the eyes are blue. There is very commonly, 
hoAAeA''er, a broAvn pigment in the front part of the iris. If this pigment 
is dense, the e3''es are dark broAvnj if less dense, the colors are light 

broAvn, green, or gray. The quality of the color is also slightly affected 
by the texture of the iris. 

Absence of the brcAAm pigment (blue iris) is in a rough sort of A\'ay 
recessiA^e to its presence. That is, in a general sense, blue is recessive 
to brown. AVere this strictly true, tAA O blue-eyed parents could haA’^e 
only blue-eyed children. Occasional brcAATi-eyed children, however, 
have tAA'o blue-eyed parents, as pointed out on page 114. The easiest 
explanation of this exceptional result is that one of the parents carried 
the broA\Ti-eye gene, but also a dominant inhibitor Avhich prevented 
broAATi from developing. A child inheriting the broAA'n gene but not 
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the inhihitt)r would have l)rown (‘ves. Some imc^sti^atcu’.s ha\'(* licld 

the brown color to be due to two kinds of pipirKuits and two pairs of 

genes, .la for brown and its ai)sence. Hh for yellow and its absence. 

There is a p(Ji)ular notion t hat (we color and skin color vary loget luu', 

a notion which co\dd easily b<' gained through failure to take racial 

origins into account. Correlation of eye color and skin color within a 

fairly homogeneous population seems never to hav(^ been ade<]Uateb- 
studied. 

Tinally, both the blue and the brown color of tlu‘ iris may be missing, 
producing the pink iris of an albino. Although this condition may be 
part of general albinism, which afhads also hair and skin color and is 
recessive to pignumtat ion. there is a form t>f it relating only to the eve. 
this latter pigmentless eye condition may accompany the usual color 
of skin an<l hair iiiid is s(*\-iinked ami rec(‘ssi\'(‘. 

Skin Color. - ( olor oi skin plaiid\' ri^sts on a number of 'renes 
Most races of men have some brown i)i}iment, much or little. In 
addition, Xegroes appear to have a yellow i)iKment, which is readily 
concealed by heavy brown and which is recessive in cros.ses with whites, 
whereas .Mongolians have a genetically different, yellow which is domi- 
nant m cro.sses with whit('s. Inhibiting frenes (the so-called .lominant 
white) have also been postulated to account for a considerable number 
of instances in which mulatto children are darker than their iiarents. 
'I'he inhibitor would be pre.sent in lisht parents, mi.ssiiifr in the darker 
children. It should be iiointed out, however, that children may be 
daikei- than their jiarents it the sexeral color frenes (of the same kimi) 
are cumulative in their effect, after the manner of red color in the -,ains 
of yieat (pase 11 1). This theory of .Negro skin color has been held 
and corresponds well with the generally internie.liate and very ^•ariable 

color of inulattoes, such as would be e.xpected in blending inheritanei- 
(page IK)). 

Witl.in the white race, differences in skin color may be much simpler. 

1 amily histones give the general impression that the darker colors are 

dominant over the lighter ones, but lack of dominance or even blending 
could often be postulated. ^ 

Distribution of skin color is sometimes irregular. Large patches 
pigment are occasional, freckles rather common. The most striking 

coS “ light-colored skins. The spotte.l 

condition is dominant over uniform distribution 

IS due to mutation of the gene .4, which converts dopa to melanin as 
related on page 157. Oeneral albinism is recessive to pigment 
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Color of Hair.— Several schemes of inheritance of hair color have 

1 .een proposed. Besides the basic gene A without which there is no 

color, Lenz postulates the pairs Bb and Mm, which are the real pigment 

factors; B yields brown pigment, M black (melanism). A person 

whose phenotype is AbM or ABM is black-haired, while ABm is 
brown-haired. 

Lenz also assumes a number of mutant alleles of A. He suggests 
first of all a, which as stated results in albinism, then a\ a^, and a*. 
These multiple alleles represent increasing pigmentation, in the order 
named. The phenotype a’Bm is called blond, while a^bM is medium 
giai. Among these mutant alleles, the darker ones are held to be 

Dr-wiEa-rO 

i i 4 i-pO 6d 

Img. 104. Five generations of premature whitening of the hair. The black squares 

and circles represent the afTected individuals. In most of these the hair whitened 

before the age of 2o years. The character is here dominant. (From Hare in Journal 
of Heredity.) 


dominant over the lighter ones, as is generally true in the other mam- 
mals studied. 

Another pigment, red, is produced in some individuals by the gene 
R. Its locus is likewise held to be the site of three or four alleles; 
nonred is r, while and produce larger amounts of red color. Neel 
postulates a not quite recessive gene (perhaps more than one gene) for 
red, which is concealed by black or brown when one of these is present. 
There may, of course, be several kinds of red, genetically different. 

The tendency of hair to whiten varies greatly in individuals and to 
some extent in races. Negroes become gray later than whites, and 
mulattoes are between these extremes on the average. Markedly 
premature whitening occurs in certain families (Fig. 104). In the one 
here sho^^’^l it behaves as a dominant. Graying may depend on a 
hormone disturbance, but the hormones themselves are under genetic 
control. 
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Hair color is distributed unevenly in most people, as when mustache 
or beard is sandy while the hair of the head is dark, hair on the chest 
is different from that in the armpits, or hair on the front part of the 
scalp is lighter than that on the back of the head. In other mammals 
the agouti pattern is due to unlike placenaait of the colors on each 
individual hair, but man has nothing to compare with agouti. 

Form and Distribution of Hair. The form of the hair depends 
chiefly on its shapt* in cross section. If the cross si'ction is circular or 
nearly so, the hair is straight; if an ellijjse, the hair is wavy, curly, or 
woolly according to the degre(‘ of flatiu'ss (Fig. ]()5). It may even 
have a spiral shap<*. Th(‘se features are impi’('ss(al on it as it d(‘velops 
from the follicle. Xaturally tlaue are nian\' degret'S of this flatbaiing 
and many grades of curlin(‘ss. 

What jjasses for straight hair in 
the white races is ri‘C(‘ssivc‘ to tluuairly 
or kinky or spirally wound hair of 
Negroes and Ibfltcaitots. Within the 
white races, according to one proposed 
scheme, there is a gene W for wavy, 
another gene C for curly; they are 
assumed to be at different loci, not 
alleles. The genotype wwcc would produce straight, while if both W 
and C are present, curly tends to be epistatic (page 113). 

In the Mongolian races straight hair is genetically different from 
straight hair of European descent. Crosses with wavy-haired Hawai- 
ians reveal the difference. While straight hair of the Fhiropean types 
is recessive to the Hawaiian wavy, Chinese straight hair is dominant 
over it. Of modern races, the Hopi Indians have the coarsest hair, 
the Dutch the finest. The hair ol the ancient !Maya was more nearly 
circular than that of any present-day people. 

In monilethrix the individual hairs are alternately thick and thin, 
at intervals of about 1 mm. There is a tendency in hair of this sort 
to break off near the roots. It has appeared as a dominant character 
in some family histories, irregularly dominant in others. 

Distribution of hair on the body is irregular and of somewhat the 
same pattern in different individuals. Yet there are racial differences, 
some races having abundant, others sparse, hair on the chest; some 
having heavy, others thin, beards. The heredity of these things is 
unknown. The principal specific indication that hair distribution is 
inherited is the pattern of its loss in baldness. In some it is the crown 
that first becomes bare, in others the front part of the scalp, in still 


I jtj. 105. (Vo.'js se<'tion of woolly 
(left) hair and strai^lit liair. {From 
SrhokkinQ in Journal of Heredity.) 
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others the whole top of the head (Fig. 106). Those regions of baldness 
tend to be alike in various bald members of the same family. As 
indicated earlier, baldness is dominant in men, recessive in V'omen. 

Facial Characters. — In racial crosses, such as that between white 
and Negro, a broad nose appears to be regularly dominant over a 
narrow one. ithin the white races, however, a high narrow nose is 
appioximately dominant. Several genes are probably concerned, how- 
ever, and some family histories are not quite so simple. 

Thickness of the lips is undoubtedly genetic; but some have con- 
cluded thick lips are dominant, others that they are recessive, while 
Dunn in Hawaiian crosses finds hybrids intermediate. The genetic 
basis is not simple, apparently, or not alwa 3 \s the same. 

In some people, more often children, the skin of the upper eyelid 
IS developed into a ridge or fold set obliquely across the inner end of 


r Ki . 106 . — l*at t or n 



of hakinos.s. spread over the whole top of the head. 

tn Journal of Heredity.) 


{From Osborn 


the eye opening. It is called the IMongoIian fold, because it helps give 
the eye the appearance of sloping downward toward the nose. It does 
not have anything to do, however, with the real eye slope, as deter- 
mined from the levels of the inner and outer angles. The ^Mongolian 
fold seems to be definitely dominant over the foldless type of lid, except 
in the Eskimo, where crosses with Europeans show it to be recessive. 
Perhaps the Eskimo lid fold is a different character. 

A common difference in human ears is that the lower lobe in some 
is attached to the skin beneath, while in others it is free. Figure 107 
is only part of a large family history assembled by Powell and Whitney 
that shows throughout the dominance of free lobes. A peculiar form 
of the ear that may be described as cup-shaped (Fig. 108) must be 
regarded as dominant. Small but distinct pits in the ears are dominant 
or nearly so; Pipkin finds them probably linked with a dominant type 
of albinism in certain Negroes. 









P Family 

ADHCMNT EAR-LOBES OW PATERNAL 
GRANDMOTHER GRANOrATHCR 


FREE EAR-LOBE OF MOTHER 


ADHERENT CAR 


OF FATHER 


FREE EAR-LOBES OF THE SIX CHILDREN 


DOMINANT INHERITANCE OF FREE EAR-LOBES 


Inl.c.rit,i„ec of free and adherent ear lobes. (From Powell ami Whit 

rn Journal of Heredity.) 
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The Teeth. The time at which children cut their milk teeth is 
showTi by twins to be partly inherited. Identical twdns were found to 
cut them sometimes on the same day, sometimes a few days apart 
and seldom more than 2 weeks apart; but of the fraternal tmns studied 

none cut them the same day, and a great 
majority cut them more than 2 weeks 
apart. Differences in resistance to ca- 
ries, however, are not very unequal in 
the two kinds of twins. This decay of 
the teeth is partly of dietary origin, but 
family histories show similarities of par- 
ents and children in this respect. 

As a rather rare condition, the enamel 
of the teeth may be missing (Fig. 109). 
Both the temporary and permanent set 
are similarly defective. They lack the 
usual resistance to wear, and the teeth 
of a 20-year-old man were worn down 
to the gums. This defect was found in 
the direct line in each of six generations; 
hence, it is plainly dominant. 

Teeth of one or more kinds are sometimes missing. Dahlberg 
reports the absence of six of the eight incisors in both temporary and 

permanent sets. He concluded that the defect is sex-linked and 
dominant. 



Fig. 108. — Cup-shaped ear, 
dominant over the usual type. 
{From Potter in Journal of 
Heredity,) 



I'lG. 109. X-ray photographs of teeth without enamel (right); normal teeth at left. 

{From Clark and Clark in Journal of Heredity.) 


Defects of the front teeth may depend on some failure of the two 
halves of the jaw to complete their growth and to unite in the middle 
line in the fetus. A smaller degree of the same failure may result in a 
slight gap between the middle incisors. This separation has been 
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noted in families, an(i appears as a dominant character. An over- 
growth of the jaws results in prugnatliy, which is regularly dominant. 

The Jaws.— D(‘ticiency in the growth tin* jaws may he much 

more extensive than in these tooth d(‘h‘cts. 'l'h(‘ two lialves of the 

upper jaw, as they grow toward one another in the emi>ryo, may fall 

considerably short of uniting in tlie middle line. Harelip and cleft 

palate an* the residts. In sonu* family histories these defects are nearly 

dominant, in some irregularly dominant, in some recessive and sex- 

linked. H(*ed finds har('lip in mice* to lx* due to manv' gf'iies and 

btliev'es that man lollows a similar I'lih*. rh<* growtli failure ()^ the; 

tanbryonic jaws probably ot s(‘^’era] kinds, genetically ditfei’ent. By 

surgical treatm(‘nt early enough the deh*ct can lx* largely removed; 
but the g(*nes go on. 

Head Form.— Bc'oause it is used so (*xt<*nsiveiv bv anthropologists 
as a racial character, th(* form of tl.e head assumes s(mK* importance in 
human genetics. The shape is usually 
measured by the ratio of gn'atest width 
to gn^atest length, a (|uotient that is 
called the cephalic itulex. A ratio of 0.72 
is low, 0.80 is high. I'he form(*r is that 
of a narrow or long head, the latter that 
of a broad or round h(*ad (Fig. 110). 

Between them and even beyond them 
in both directions is a finely grad(*d 
series of indices. 

The most decisive information about the shape of the head is that 

identical twins differ less than do fraternal twins. Some dilTerences are 

due to distortion at birth, but tliose larsely di.sapjrcar. Discover' of 

the mode of inheritance is largely prevented by environmental influ- 

ences. Growth in general is influenced by hormones, particularly that 

of the pituitary. During the last generation or two, growth in man 

(as indicated by stature) has increased, probably because of increasing 

knowledge of hormones and vitamins. How has this growth affected 

the cephalic index? Deficiency of vitamin A in rats has diminished 

the length of the skull, thereby raising the ratio of vddth to length 

and similar effects may well be produced in man. There are in fact 

some indications that increase of stature in man carries with it a lower- 
ing of the cephalic index. 

In actual race crosses between broad-headed Hawaiians and narrow- 
headed Europeans, Dunn has found the broad head dominant. It is 
unlikely, however, that just one pair of genes is responsible. Different 




ruj. 1 10.— Outline of head 
with low and with hiRh eephiilic 
itido.x. 
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growth factors arc presumably at work, and the ratio of \A'idth to 
Irn^ih IS not a good way of ('xpressing tlu'ir comldnod activity. 

Bone Abnormalities. Among tlu^ (‘xampicsof human hei'edit 3 ' cited 
in earlier cha i)ters are several modilicat ions of the skeleton of the hands 



111. 



Syndactyly in whicli only thr of ad.ioiniiar toes is joined 

/*}pkin if/ Journ/il of /// n/h'f//.) 


iFrom 


an.l Icct. S.itnc of tlicse aiv syini)liaIanKy, or fusion of fho sof-ments 
of tiu' (liiiit.s cnil to end without shortcuino;, producing stiff finf{c>rs; 
syudact \'Iy. fusion of the difiits side 1)\- sid(', sonu'tiiucs onl\' as to tla' 



1 n.;. 1 1 2. U:i«liotrraj>li of 

sliottcMUMl, iind (jnl\ th(‘ teiinin 
//(ftitr {// ./onrotj/ of 1 1 ( rt <1 it /f.) 


Inaeliyplialanuic tlinnd). Only tlie tliurnh wus thus 

% 

:d .■^etrinent of it; one tliund) (left) was noi inal. {Afhr 


flesh (fig. 1 1 1), not the hones; hrach vphalangVj in which one or rnt)r<' 
phalanges arc* sliort-ened (I'ig. 112); and polvthu'tvfv, or extra fingers 
or t()(‘s. Ih'aclivdact vfv or short (ming of the fing(‘rs or toes as a whole. 
ott(‘n to t.wo phalangt's p<‘r digit, is lat lua- (hdinitelv dominant. The.se 
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all probably rest on some irregularity in the raU* of development of 
the affected parts. 

A form of syndactyly that is particularly mark<‘d results in a divi- 
sion of the hand or foot into a fork, sometinu's called a “lobster claw.” 
Clubfoot, in which the defornu'd member is pointed <Iownwai-d, with 
toes in, appears in most pedigrees as n'C(*ssive, i)ut occasionalb' 
dominant. This defect occurs in about one in a tliousaiul and is found 
more often in men than in wtnnen. Lateral curvalure of the spine, 
once attributed to wrong posture or to rick('ts, has been found to extend 
over several generations as a dominant character. 

Ih'ittleness ot the boiu's, dm' to scant <levelopment in thickness, 
occurs (if at all) in childhood but usually is rf'dma'd oi- lost at maturity, 
it is nearly dominant. The dc'fect is often associated with a blue-gray 
color of the (usually white) sclerotic coat of tlu' eyes, which is regularly 
dominant. i here is ])resumal)ly some {‘ommoTi basis for the two 
characters, since both de\a*lop Iroin im'senchyrne in the enibrvo. 
Deficient growth of the long bones at their cartilaginous zoru's n'sults 
in dwarf stature, a condition that is sometimes plainly recessive, in 
other famih' historic's dominant. Hoiu' development is dependent on 
hormones, j)articularly those of the j)ituitar\', thyioi<l, and gonads; 
hence, it is subject to possible nong('nc‘tic vaiiation; yet in most 
instances the influence of the hornumes is merely part of the genetic- 
physiological control. 

General Growth and Size.— Xot only the bones, but the body as a 
uhole, glows or ceases to grow at the behest ot hormones, particularly 
the three named above as influencing the skeleton. So many things 
enter into growth ami volume that a specific mode of inheritance for 
the whole process and its total product cannot exist. That size is 
inherited is shown, however, by studies of twins. In every ordinary 
criterion of size— chest measurement, weight, length of arms, length of 
legs, breadth between specific points— identical twins have proved to 
he much more alike than are fraternal twins. 

The shape of the l)ody, whether slender or stout, is best measured 
by a ratio such as that of chest girth to height. It is commonly called 
body build. It is made up of different elements, of unknown number. 
Factors for stoutness are in general dominant or partially dominant 
m children, for the children of stout parents de\date less from the 
average of the general population than do the children of slender 
parents. In one study a group of stout women were found to have 
stouter parents than a group of slender women. In a number of family 
histones accumulation of fat appears to bo dominant; but it must 
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usually be related to the activity of some endocrine gland, and is sub- 
ject to a considerable measure of environmental control. 

Skin Defects.— Local e.xpansions of the small blood vessels in the 
skin resulting in habitual nosebleed when they occur in the mucous 
membrane of the nose, are due to a dominant factor. Pigmented 
spots or moles, also red swollen birthmarks, occur often enough in 
certain families to suggest dominant or irregularly dominant inheri- 
tance; but also they appear in lines that never before e.xhibited them 
and here must be environmental or possibly mutations. 

In xeroderma pigmentosum the exposed parts of the skin develop 
pigmented spots and inflammation that usually lead to cancer, and the 
victim seldoms lives beyond his teens. Since this ordinarily precludes 
reproduction, the character cannot be expressed in a direct line; hence, 
it is not dominant. Though the mode of inheritance has already been 
suggested as folloinng either the X or the Y chromosome (page 73), 
some have held it to be an autosomal recessive. It is a rare condition 
and perhaps ma^’’ not be genetically always the same. 

Epidermolysis bullosa is a tendency to form epidermal blisters in 
response to pressure, friction, or injury. It exists in several forms, 
one dominant, one recessive, and one sex-linked, which may also follow 
the Y chromosome. Inflammation due to chemical stimuli is in general 
ca ed eczema. JMostly it is probably a form of allergy, more particu- 
larly discussed in the next chapter. The mode of inheritance is not 
clear. Keratosis, a horny condition of the palms and soles, is domi- 
nant. In ichthyosis, the epidermis is covered iidth rough scales or horny 
plates. A common form of it is dominant; another not clinically 
distinguishable from it is a sex-linked recessive, while congenital 
ichthyosis is autosomal and recessive. 

Muscles.— Absence of one of the muscles of the forearm can be 

observed externally and has been traced through three successive 

generations as a dominant. Muscle dystrophy, a gradual wasting 

away of a certain group of muscles, is really due to a nerve defect. 

It is sometimes spread over decades, or may occur more rapidly. The 

victini often becomes almost helpless. It appears in some family 

histories as a dominant, in others recessive, or even partb'-as sex-linked. 

Atrophy of the muscles ol the lower leg and the feet begins usually in 

children, but may extend in later years to the arms. The nerves to 

these muscles are also degenerate, and it is probable that the nerve 

defect is the cause of the muscle atrophy. In different pedigrees it 

has the appearance of a dominant, a recessive, or even a sex-linked 
recessive. 
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Another museiiliir defieiency caused lyv nerve defect allows the 
eyelids to droop. It is called ptosis and is regidarly dominant. 
Nystagmus, or rolling of the eyeball, though manifested hy the muscles, 
is likewise a disea.se of the neries. It is usually dominant, but in one 
pedigree it seems to be a sex-linked recessive and in still another an 
irregularl_\- dominant sex-linki'd character. 

Dimples, which depend in part on the arrangement of muscles 
bcneaUi the skin, were long thought to be inherited— some .said as a 
recessive, others as a dominant. The newer studies on twins, how- 
ever, show that identical twins are only slightly more alike with respect 
to dimples than are fraternal twins. The environmental influence, 
much ot it probably developmental, would st'cni to be large. 

Hernia is to some extent a result of failure of a muscle wall to 
develop fully. The commom'st type is that in which the viscera pro- 
trude through the inguinal canal. The testes descend from the 
abdomen through this pas.sage late in fetal life, and then the canal 
should close. It it tails to do so, th(“ viscera ma\- sometime be forced 
out under stress of great exertion. From this migin, hernia is moiv 
common in men than in women; 3 to .5 per cent of men are affected. 
Hie transmission of this defect is practicallv that of a dominant 
though a generation might aiipear to be skipped through lack of suffi- 
ciently .strenuous phy.sical labor to call attention to the rupture in some 

individuals. 

Blood Vessels. A aricose veins are swollen because of a weakness 

ot the vessel wall. They are ob.served particularly in the lower leg 

because in addition to the ordinary blood pressure, the.se veins must 

resist the hydrostatic iiressure from the blood alone in the standing 

position. The weakness is generally dominant. A sjiecial form of this 

delect IS observed in hemorrhoids, which are swellings of the veins at 

the end of the rectum. Sedentary habits and constipation are con- 
ducive to them. 

Fmgerprin^ts.— The skin of the fingers is covered with a number of 
hne ridges which have so definite and distinctive a pattern for each 
individual that they are used as means of identification. The patterns 
are made up of three elements, namely, arches, loops, and'whoHs 
combined in endless nays. Bonnevie has endeavored to show how 

The number of the ridges depends on 
he thickness of the epidermis, the thinner it is the more ridges it bears 

in .that there is a general thickness gene F affecting 

e nprs, that m addition there is a second gene R further deter- 
mining thickness of epidermal pads on the thumb and first two fingers 
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(ladial digits); and finally a third gene U affecting such pads on the 
lemaining two fingers (ulnar digits). Heterozygotes {Rr, Uu^ and 
Vv) are held to be intermediate in epidermal thickness. 

Further influence on the pattern is exerted by the shape of the 
fingertips. If a finger with thick epidermis is flat, the pattern consists 
rnostly of arches. If the surface of the finger is strongly elevated, the 
discontinuous patterns (loops and whorls) prevail. 

PROBLEMS 

181. What are the principal sources of uncertainty regarding the mode of 
inheritance of human characters? 

182. If a charaotor l.as l,ot.av<.d as sex-linkod for several generations, then 
begins to pass from father to son, how could you explain the change? 

183. How do you suppose degeneration of a nerve might cause atrophy of a 

muscle? ^ 

184. M hat could cause an increase of 3 inches in mean human stature in a 
given country within a period of 40 years? 

186. tl l.at feature of hair makes it e.irly? MTiere is this feature impressed 
upon it? 

186. If 30 per cent of men are bald at middle age, could you compute what 

fraction of the pertinent chromosomes in the population contain the gene for that 

character? Would it then be possible to compute the number of women who 
should be bald? 


rVl -3 > 
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HUMAN HEREDITY: PHYSIOLOGICAL CHARACTERS 


ill this cliaptof arc ass(‘inl)l(Hl some* ot' the licttcr understood or 
more important eharael(*rs that ai'c not jiriinarily ol)s<‘r\ (‘d in strueturfv 
Those cpialities max' Ix' deteetahlo only in act i^■it i{‘s, or the structural 
element may [>e obscure. In some ol tluun tlu'i’e is a ^\'ell-kno^vn 
structural moditicalion, but tlu^ i)[i>-siolooy i.s more conspicuous. In a 
tew the structviral ('xpression may be the more oonsfiicuous. but since 
the physiolofiical basis is known it sixans more tittin*^ that the funda- 
mental feature' b(‘ (unphasized by includinji; tliem with otlier pliysioloj^i- 
cal qualities. And finally, there are some tliat could, as explained 
before. Ix' eepially wc'll placed in either the physical or tlie physiological 
group. The mental characters, as physiological as any traits can lx‘, 
are set apai't in the next chaplea-. 

Defects of the Eyes. — One of tlu' common causes of blindness is 
cataract, an opacity of tlie crystalline lens. Ofti'n only a part of the' 
lens is affected, and lilindness is not complete. It appears first in 
advanced years in some of its forms, in i‘lu!dn'n in otlier forms. Heat 
seems to favor its development, and furnace stokers have been more 
than proportionately susceptible to it. While cataract is in general 
dominant, it sometimes does not appear in every generation of a direct 
line. The cornea also has its opacities, one of which arises at piiberty 

and gradually increases until vision is greatly impaired. These defects 
are simple dominants. 

Myopia or shortsightedness is due to a defect in the adjustments of 
refractive power. Refraction is due to curvature of the corneal sui- 
faccs and convexity of the lens, wliile length of the eyeball determines 
how much refraction is retpiired. In myopia the structures are so 
shaped that at rest the vision is centered on near-by objects. More 
distant ones are not sharply in focus. Probably more than one gene 
IS involved in the determination of myopia, for in different pedigrees 
It appears to be recessive or dominant. The opposite tendency, 

hyperopia or farsightedness, is usually dominant. When it occurs in 
children, it is frequently outgrown later. 

Astigmatism is caused chiefly by unequal curvature of the cortu'a 
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in different directions. At a given focus vertical lines may be distinct 
u-hile horizontal ones are blurred. The defect is usually dominant, but 
family histones indicating recessiveness have been reported. In some 
families where astigmatism occurred repeatedly, the axis of greatest 
cuivature was found to be the same in each individual. 

In strabismus (squinting) the axis of the tw'o eyes cannot be con- 

\'erged on the same point, at least at a suitable focal distance, owing 

to incoordination of the eye muscles. The eyes may be turned either 

inward or outward. The defect is ordinarily recessive. Operative 
correction is frequently possible. 

Night blindness is due to a defect of the retina that is detected only 
because it prevents vision in twilight or similar weak light. It exists 
in several forms, genetically and sometimes otherwise distinguishable. 
One form is dominant, one a sex-linked recessive, while a third, w^hich 



Fig. 113. — Pedigiees of day blindness. 

is coi related with myopia, is an autosomal recessive. Retinitis pig- 
mentosa begins in youth as a form of night blindness coupled v'ith a 
narrowing field of vision. Eventually the sight is lost even in the 
middle of this field. Some have regarded it as an autosomal recessive; 
others as a sex-linked recessive and perhaps also an autosomal domi- 
nant. The suggestion has already been recorded (page 73) that the 
gene may cross over between the X and the Y chromosome. 

Sight by daylight is dependent on the cones of the retina, which are 
also responsible for color vision. In weak light it is the rods that func- 
tion, and color is not detected. Night blindness is therefore a result 
of a defect of the rods. When the cones are deficient there results a 
condition known as day blindness or (less appropriately) total color 
blindness. A day-blind person can see by moonlight or other weak 
light, but is blinded by bright daylight. This condition is recessive, 
as indicated by the brief family histories in Fig. 113. Day blindness, 
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despite its alternative ivaine, has no relation to ordinary color blindness, 
already described as a sex-linked recessive chara(*ter. 

Deafness. Hereditary (U'af-inutism arises from a defect of the 
nerve of hearing or of the auditory centers of the brain, not from an\ 
abnormality of tiu' ('ar itself. It is transmLtt(*d in rec<‘ssi\e fashion 
rntortunately for tin* sttidy of p<Hiifrioes the same defect resiilts from 
several environmental caii.ses. Meningitis and scarh't f(*ver in earh’ 
chiklliood may injme the inner ear and such children become deaf- 
mutes. (’on^enital deaf-mutism is often a result (tf syphilis. 

Deatness due to a delect {)t the inner ear usually starts after middle 
age as a slif^ht difficulty' in hearinj^ and Ix'comes slowly or rapidly mon^ 
pronounceHl, sometimes ending in total deafin-ss. Anatomically two 
maltormations of tlu^ labyrinth arc known; hence, there may be mon* 
than one kind ot inner-ear deatness. Th(' varying degrees of affliction 
may rest on these anat<miical diffenmces. Pe<ligrees cpiitt' regularly 
show the character flominanl. 

In otosclerosis there is a disturbance' of calcium metabolism affect- 
ing the growth of the bone in the neighl>orhood of the middle and inner 
ear. Although only two or three per thousand in the United States 
are deal tor this reason, the proportion in the families w here it occurs 
rises to one-fourth or even one-halt. Twice as many women as men 
exhibit the defect. I)a\'enport holds that two gt'iu's are responsible, 
one of them sex-linked. Others ha^'(' (a)nsidered the (diai'acti'r a .simple 
dominant, or irregularly dominant, or occasionally recessive. There 
is some association of otosclerosis with brittleness of bones. 

Taste.- Remarkable ditTerences in the capacity to taste certain 

substances have been discovered. Many people do not taste phenyl- 

thiocarbamide (PT(’) at all, to others it is extremely bitter, to others 

salty or sour. Among those who experience a similar taste, the 

threshold of sensation is very dilferent. Some people require nearly 

a thousand times as great a concentration as others in order to detect 

the substance. Many other substances bring out similar though less 

striking ditTerences in taste capacity. They show that the same person 

may have an acute sense of taste for one substance, a dull sense for 
another substance. 

In general, ability to taste PTC' is dominant; but in view of the 

different thresholds of sensitivity, and the different tastes experienced 

t)y those who are sensitive, any statement of the mode of inheritance 
must be qualified. 

Allergy. Strictly a physiological character is the sensitiveness of 
many people to foreign proteins or other substances. The irritating 
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substances may be those of pollen, or of foods, or of dust from hair. 
Hay fever, asthma, hives, eczema, edema, and migraine are expressions 
of this hypersensitiveness. The most suitable explanation appears to 
be a dominant or irregularly dominant gene. A person who possesses 
this gene may become sensitized to some foreign substance, usually a 
protein, and thereafter when exposed to the same substance develop a 
reaction against it. The members of a family who presumably carry 
the same gene may be sensitive to different things. The allergic mani- 
festation may be hay fever in one, hives in another, but often it is the 
same reaction in members of the same pedigree. In the family shown 
in big. 114, the affliction was hay fever, and it behaved as a dominant; 





□ /O INDIVIDUALS WITHOUT 
^ ALLERGY 

■ A INDIVIDUALS WITH 
W ALLERGY 

□ /^ NO DATA CONCERNINQ 
W ALLERGY 

INDIVIDUALS FROM FAMILIES 
FREE FROM ALLERGY 

Fio. 114.— PodiKi CO of hay fever. {Modified from Balyeat and Richards.) 

in Fig. 115 it is expressed in ditferent ways, and occasionally skips a 
generation. For some unknown reason expression of allergy is more 
pievalent in cities than in rural areas, and more frequent in people of 
high intelligence than in those of lower IQ. 

iMigraine is a recurring severe headache that may affect one side 
or the other, or some part of the head. It lasts several hours to a day 
and is probably caused by a swelling of the cerebral membranes. In 
some of the same pedigrees relating to migraine, other allergies, such 
as asthma, bronchitis, eczema, hay fever, and urticaria (hives) are 
found, and a parent affected by one of these types of allergy might 
transmit another to his children. 

Blood and Blood Vessels. — To the facts relating to the ABO and 
the ]\IN blood agglutinogens given earlier should here be added refer- 
ence to the rhesus factor (gene so-called from its occurrence in 
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rhesus monkeys. About 87 per cent of luiman l)ein^s possess this 
factor, whicli is dominant ; they are said to be Rh-positive. The ot hei- 
13 per cent lack it; they are Uh-nefi;ative (gene rh). The gene exists 
in eight dilYerent forms (multiple allelest, whieli greatly increases th(‘ 
numl)er of blood groups. Strandskov and ])iederich n'ported 53 pairs 
of i<_lentical twins, ail alike with resp{H*t to this g(*ne ( 15 both positive, 
8 both negative^ while of 59 fraternal pairs 49 were alike (44 i>ositive, 
5 negative) and 5 were mixed. These are about the expe<‘ted random 
combi nations. 
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U URTICARIA 



I'lo. 115. 


OTHER SYMBOLS AS IN PRECEDING FIGURE 

Podi^roe of hay fever and other forms of allerny. from fia/yeat 

and Richards.) 


Ilemopliilia lia.s likewise already l)eeii deseiibed. One of the ininci- 
pal (lefeets of tlie blood is pernicious anemia, a progressive reduction 
in the number ot red blood cells or of their hemoglobin content. This 
malady occurs more frequently in some families than in others, and 
s^ome pedigrees indicate that it is dominant, some are quite irregular. 
One author believes it is dependent on two recessive genes, one of which 
acts on the gastric mechanism, the other on the bone marrow in which 
red cells develop. Patients are usually deficient in their gastric .secre- 
tions, and there is some indication that this failure is dependent on a 
nervous disorder. Sickle-cell anemia is a rarer disease in which in 
drawn blood the red cells are sickle-shaped. It is accompanied bv 










210 


HEREDITY 


^^•etlkness, sometimes by ulcers and pains. The few kno^ra pedigrees 
indicate that it is an autosomal dominant character. 

An important feature of blood vessels is the pressure that they 
maintain. Normally about 140 mm. in middle-aged people, this pres- 
sure may rise to 1 C.O, 180, or even 200 mm. with a corresponding increase 
in the burden on the heart. Reduced blood pressures are less common. 

1 Iigh blood pressure could be regarded as a simple dominant character 

Irom most of the pedigrees, but environmental conditions (diet, mental 
strain) influence it considerably. 

Closely connected \\'ith high blood pressure is arteriosclerosis, or 

hardening of the arteries. .Most elderly people have some degree of 

this defect, and the occupational and other environmental influences 

are considerable. The indication that arteriosclerosis is hereditary is 

largely that in some families it has a tendency to affect the vessels of 

the same organs in different members— in some the brain Avhere it leads 

to apoplexy, the coronary arteries of the heart in others, the vessels of 
the kidneys in still others. 

The heart itself has some genetic defects. Inflammation of the 
valves IS most often due to infection, but sometimes occurs so fre- 
(piently in families as to make infection improbable as a sol cause. 
These pedigrees fit dominant inheritance best. 

Metabolic Disturbances. — Though any physiological character is 
metabolic, medical writers have applied the term metabolic diseases 
chiefly to those relating to sugar metabolism, arthritis, and obesity. 
Ihe last named has already been mentioned as a structural character 
because of its ease of observation. To the metabolic diseases are added, 
for this discussion, one pertaining to the kidneys. 

Diabetes mellitus is an inability to utilize carbohydrates in the 
normal manner. The rejected carbohydrates appear as sugar in the 
mine and are thus eliminated. The disease appears chiefly in elderly 
people and is due to the failure of certain groups of cells (islands of 
Langerhans) in the pancreas to produce a normal hormone, insulin. 
The quantity of urine is increased, and the patient experiences great 
thirst and hunger, and emaciation follows. Most family histories 
indicate approximately recessive heredity, but some are irregular, and 
laiely they appear to show dominance. INIen suffer from diabetes 
moie than women do, but it is not sex-linked. I*^ondiabetic relatives 
of pel sons suffering from diabetes mellitus sometimes have more than 
the normal amount of sugar in the blood. These relatives may be 
future diabetics, but not all diabetes can be predicted in this waj''. 

Diabetes insipidus is characterized by excessive discharge of urine, 
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but there is no excess of sugar and no other unusual substance in the 
urine. The patient suffers great thirst. Family histories mostly 
indicate that tlie disease is a regular dominant, hut there are exceptions 
in which heterozygot(‘s do not sliow it. 

Renal glycosuria, in which sugar i.s likewise excreted in the urine, is 
not to be confused with diabetes. It is relatively harmless and does 
not rest on any progressive deficiency of the kidneys. It is inherited 
apparently as a dominant character. 

Arthritis (gout) is inflammation oi the joints, accompanied by an 
accumulation of urates in the tissues and of uric acid in the blood. Tin* 
uric acid is probably mjt, however, the cause of the disease. Arthritis 
appears as a dominant chara(iter in most pedigrees but is irregularly 
so in some of them. 

Susceptibility to Infection. In intectio\is diseases, the principal 
feature ot interest is a ])ossible diflerence in th(‘ susceptibility or resist- 
ance of individuals to the infective organism. This difference is of 
especial importance when the causative germ is always or usually 
present. Resistance to tuberculosis has for tliis reason been the sub- 
ject of much study. That this resistance is inheiited is indicated by 
studies of twins. Oi 3/ identical pairs, 2() were alike and 11 were 
different in their relation to tuberculosis; of 09 pairs of fraternal twins, 
17 were alike and 52 were different. This is a plain indication of 
heredity. Correlation studies of parents and offspring have led to the 
same conclusion. Both Pearl and (toring found this correlation (see 
Appendix) to be about 0.5. Since living in the same family might lead 
to infection, hence to correlation without genetic basis, similar correla- 
tion studies were made for husband and wife, in whom the genetic rela- 
tionship would not ordinarily exist. Pearl found the husband-wife 
correlation to be 0.24, while in Ooring’s study it was 0. The difference 
between 0.5 and 0.24, or between 0.5 and 0, is the correlation attribut- 
able to heredity. Pearl also found that 4.3 times as many people have 
tuberculosis when both parents are afflicted as when neither parent 
had it; and 1.0 to 1.7 times as manj^ people have the disease if one parent 
has it as are diseased if neither parent has the infection. Only heredity 
seems adequate to explain all of these differentials. 

These results are the more plausible because similar correlations in 
rabbits, where the infection with a standard bacillus could be carefully 
controlled, were calculated by Wright and Lenis, who found that 30 
per cent of the difference in susceptibility was due to heredity, 10 per 
cent to age, weight, etc., and 60 per cent to environment. 

Resistance to tuberculosis, as probably to most pathogenic organ- 
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isms, is assuredly not a simple character. Lenz ventures the conjecture 
that the separate elements of susceptibility are recessive. 

SusceptibUity to Environment— A number of defects have an 
environmental basis, but, even to these external agents, different indi- 
viduals may respond dilfercntly. Rickets is due to a disturbance of 
bone development in early childhood. Already formed bones can be 
jiaitially decalcified and become soft and capable of bending somewhat. 
Teeth are as susceptible as bones. Deficient sunlight and lack of vita- 
min D are the obvious causes of rickets, but under similar conditions 
some families suffer much more harm than others. Identical Uins 
are more alike with respect to this defect than fraternal twins are. 

1 hese results indicate inhentance, a conclusion supported b 3 '' analogy 
with rats, in which rickets was more easily induced in some individuals 
than in others, and in which selection for 14 generations succeeded in 
establishing two lines differing in their susceptibility. 

A similar difference in susceptibility to goiter appears to exist but 
IS slight. Goiter is an enlargement of the th.vroid gland. It is 
favored by lack of iodine compounds in the food or water and is allevi- 
ated b}'' veiy small quantities of iodine. The principal indication of 
lieredity of goiter is the slightlv greater similarity of identical ti\ins as 
compaied with fraternals. Cretinism, a dwarf condition that impairs 
mental development, is in some w’ay related to goiter. It occurs 
prevalently in regions where goiter is common and in certain families. 

I he afflicted families usually' have goiterous mothers, and it has been 
suggested that cretinism is transmitted b^’"' the endoplasm of the egg 
(that is, as a non-]\Iendelian character). 

AVhether IXIongolism is in any degree a family character has long 
been debated. this congenital defect involves a round shape of the 
head, large tongue, slanting e^^es, and abnormal mental development. 

It certainlj^ is not a dominant character, and the fact that cousin 
marriages do not 3 'ield Mongoloid children in undue proportion is 
against its being a recessive. ]\Ian 3 '^ investigators have noted that the 
defect occurs often in the children of older mothers. In \de\v of these 
facts, it is suggested that some injur 3 ^ to the germ occurs as an accident 
of development. If the defect has an 3 ^ genetic basis, the expression 
still is dependent on age or some condition of the mother. 

Longevity. — Life expectancy in the United States in 1946, as com- 
puted by insurance companies from the latest data, was over 65 years, 
somew'hat higher for women than for men. In 1900 it had been about 
49 3 ''ears. This increase makes it obvious that longevity is largeb' 
dependent on environment, since so striking a change in genetic char- 
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acteristics could hardly occur in a generation or two. Yet there are 
plain indications of hereditarv contributions to it. In sf)me early studies 
of longevity Ploetz found that infant mortality (in the first 5 years) 
was only a third to a half as great in families in w hich one of the parents 
later reached an age of So or nn)re as in families of shorter li\ ed parents. 
Another early study, by J^ell, showed that of the fathers of persons 
dying under 40 years of age, less than 21 per cent n'ached the age of 
SO ; l)ut ot tatlu'rs ol pei'sons li^'ing t o Ix' SO \*ca rs old , 40 per (‘('nt reach eil 
SO yc'ars. In families in which neither partmt liv(‘s to be SO, only 5.3 
per cent of the childnm reach that age; if one of the panaits lives to 
80, 0.8 per cent of the children reach SO; and if both parents live SO 
years, 20.() per cent of tlie offspring attain a similar age. In the same 
family, the father's longevity was found to give a more reliable j)redic- 
tion of the children’s age than did the mother’s. 

Many causes of reduced years are (aivironnumtal and pre^'entable. 
lusher has calculated that' it thes(* j)r('\'('ntabl(* caus(*s wc're removed, 
13 years would lx* add(‘d to the av(‘rag(' h'ligth of lite. ’’I'liis is less than 
the amount added by Inning long-lived par('nts. indicating that 
heredity is really resi)onsible in the latter g>'oup. Pearsmi has like- 
wise employed mathematical methods to this problem, by the correla- 
tion procedure, and concludes that roughly two-thirds oi' longevity is 
due to heredity, one-third to ein-ironment. 

Cancer. Roughly one-tenth ot all human beings who pass the 
critical years ot early childhood develop some sort of malignant growth 
in later years. Though irritation of se\'eral kinds (X rays, chemical 
substances) helps to ind\ice tumors, there are many indications that 
they have also a genetic basis. First is the fretiuency with which 
cancer appears in certain families. Little calculates that this fre- 
(luency has not one chance in a million of occurring purely by accident, 
and Pearl describes a pedigree in which cancer occurs 200 times as 
abundantly as in the general population. There is a strong tendency 
for cancer to begin at about the same age in different members of the 
.same family, and the chance that this could happen without heredity 
IS very small. A number of identical twins have developed similar 
growths. Macklin finds that in identical twins tumors affect both 
more frcciuently, are more often of the same type, and develop more 
nearly at the same age, than in fraternal twins. Even wdth respect to 
others than twins it is frequently the same organ that is attacked in 
different members of a family. Thus among 258 breast cancer patients 
m an Amsterdam hospital, 70 had very near relatives afflicted w’ith 
cancer, and 30 of these had breast cancer. Cancer of the stomacli 
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runs similarly through some families, intestinal cancer through others. 

Such likenesses must rest on a genetic foundation. Relatives of cancer 

victims are more often cancerous if the organ affected is breast, rectum, 

or stomach than if it is the liver or the uterus. Uterine cancer has 

been found more commonly in Gentiles than in Jews. Finally, cancer 

has been extensively studied in mice and some other animals and, while 

supposedly a virus in the milk is one cause, heredity seems also to be 
important. 


When the mode of inheritance is sought, several theones are found, 
but theie is little certainty. In glioma retinae, the e\’idence rather 
tavors lecessive genes. Some have supposed one or more recessive 
genes to be responsible for cancer in general, though certainly a single 
pair will not suffice. Others have regarded the gene as dominant, and 
there are family histories which could be simply explained in this way. 
It seems necessary, however, to assume multiple genes for cancer in 

general and to regard the genes as different in different families or in 
different types of growth. 

Nerve Defects. Atrophy of muscles caused by nerve degeneration 
has been described among the inherited structural characters. Several 
other nerve diseases may now be added. Spastic spinal paralysis, 
lesulting from destruction of certain elements of the spinal cord, causes 
lameness and stiffness of the legs. One family history shows an 
unbroken line of descent for six generations, as if it were dominant, 
l)ut more often the defect appears in the children of normal parents, 
which indicates recessiveness. Spastic paraplegia, marked by stiffnes.s 
of the legs, irregular eye movements, strabismus or squinting and 
lowered powers of vision, is mostly recessive, though one pedigree 
indicates sex-linkage. 

Friedrich’s disease (hereditary spinal ataxia), due to degeneration 
of parts of the spinal cord, involves loss of coordination of movements 
of the limbs. Several extensive pedigrees indicate recessive inherit- 
ance. There is another form of ataxia which is dominant. Oliver 
and Gray report five generations of cerebellar ataxia, regarded 
as dominant, in which 46 per cent of the kinship over 21 years of age 
were afflicted. These genetic forms of ataxia are not to be confused 
with the ataxia caused by syphilis. 

Parkinson’s disease, or paralysis agitans, is a fairly common condi- 
tion arising in elderly people, in which the hands are in constant 
motion as in counting coins. Later a stiffness of the muscles develops, 
Avhich may make the face resemble a mask, or which causes a stooping 
posture. Family histories indicate that it is a dominant character, 
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thougli the fact that it appears onl^' in elderly p<ajple could easily make 
it seem to skip a generation. Some who inherit the defect presumably 
do not live long enough to show it. 

In Huntington’s chorea or St. \'itus’s dance there are likewise 
twitching movements of the hands, face, or other parts of the bodv. 
These begin ordinarily Ix'twecui the ages of 30 an<l 50 ami increase in 
later years. Mental degeneration accomi>anies tliem, and there is 
fre(piently a temhuicv to suicide. Tin* many famil\' histories agi'ee 
(Fig. 110) in showing chorea to b(‘ a dominant <‘haracter. 

Myotonia or Thomsen’s disease is prescait at birth in ath'cted indi- 
\'iduals. Muscles tliat liave been at rest a long time' enter into a stat(‘ 
ol stillness or contraction which latcu' disappe^ars; or musch^s ma\' foi' 
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hours at a time ho ciuito incapable of contraction, (,'old weather seems 

to favor these manifestations. Pedigrees indicate that the disease is a 
simple dominant character. 

Stuttering and other impediments of speech doubtless rest on some 
nervous defect, and there are indications that it has a genetic basis in 
part. Some families show several e.xamples of it, as against about 1 
per cent in the population as a wliole. About half of the stutterers 
have stuttering relatives. Some have supposed that when children of 
stuttering parents also stutter, they do so in imitation; but some chil- 
dren of such paients have been removed to other surroundings and 
still stutter. The notorious Juke family included one branch with 
stuttering members in successive generations, indicating dominant 
heiedity; but mostly the inheritance is not so clear. 

Left-handedness was found by Chamberlain to be more prevalent 
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among the children of two left-handed parents (46 per cent) than among 
the children of two right-handed parents (2.1 per cent). Rife found 
nearly three times as many left-handed children in families ^vith one 
or both parents left-handed, as in families with both parents right- 
handed. Yet identical t^\ins are not much more alike in this respect 
than are fraternal twins. T^\’inning itself seems to increase the likeli- 
hood of left-handedness, but the type of t^^'inning appears to make 
little difference. Rife regards handedness as to some degree genetic, 
but more than one gene must be involved, and emdronmental agencies 
(presumably in development) are important. 

PROBLEMS 

187. \Miat parts of the eye arc responsible for night blindness and color blind- 
ness? 

188. Why may allergy be a genetic character and yet take different forms in 
parents and their children? 

189. How have the luimher of people reaching 75 years and the number reach- 
ing 5 years changed since lOlO? 

190. Many liuman characters may be modified by administration of hormones. 
Discuss the thesis that these characters are nevertheless genetic. 



CHAPTER 22 

INHERITANCE OF MENTAL CHARACTERS 


Because of their complexity and the ahsence of unmistakable 
distinguishing marks in some instances, mental (pialities are in general 
less well understood with respect to their heredity than are either the 
physiological or the structural characters. However, it is certain that 
many of them have a genetic basis even if the precise mode of inherit- 
ance has olucled discovery. 

Feeble-mindedness.- The milder forms of mental defect are 
geneially called collectively leelile-mindedncss. There are many kinds 
and grades of it. Some are environmental, with syphilis and perhaps 
alcohol among the causes. In goiterous regions, feehle-mindedness 
occurs as part of the prevalent cretinism (page 212). The mental defi- 
ciency that inheres in Mongolism is at haist partly environmental. 
Yet, after all these environmentally produced forms of mental defect 

are excluded, tlie hulk of ieeble-mindedness must be attributed to 
genetic factors. 

Some characteristic facts regarding heredity follow. Goddard 
found m a number of families in which both parents were feeble- 
minded that 470 of the children were feeble-minded, 0 normal. In 
other families in which one parent was feeble-minded and the other 
normal but shown by tlie pedigree to be heterozvgous, 193 children 
^vere feeble-minded and 144 normal. In 20 faniilies in which both 

g a _ were normal and 39 feeble- 

minded. The ratios in these last two groups are near enough to 1 ; 1 

and 3:1, respectively, to suggest that feeble-mindedness is dependent 

on a single gene difference and that it is recessive. This assumption 

does not fit the first group, however, in which 6 normal children had 

sprung from 2 feeble-minded parents. There are many other family 

histones which similarly indicate that this mental deficiency is nearly a 

simple recessive, but udth a few exceptions. Doubtless some of the 

exceptional individuals are illegitimate, but they can hardly all be 
explained in this way. J' a i ue 

A justifiable conclusion would be that feeble-mindedness is of a 
umber of kinds, some of them really simple recessives. A source of 
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exceptions to the rule of recessiveness may possibly be found in the Rh 
factor (page 208). It has been observed that about tv-ice as many of 
the mothers of feeble-minded children are Rh-negative (genetically 
rhrh) as would be expected from the frequency of the rh gene in the 
general population. Also, among feeble-minded children more than 
twice as many are Rh-positive from Rh-negative mothers as would be 
expected from random fertilizations. An important physiological 
relation between Rh-j- fetuses and their Rh— mothers has been dis- 
covered, but is reserved for a later chapter. May there not be such a 
reaction modifying development of the brain or in some way affecting 
mentality? The effect would be an immunological one, and could 
easily occur in only a fraction of the situations where it would be 
possible. This might explain instances of feeble-minded children from 
normal parents, even if the parents are homozygous for normal genes 
at the loci regularly affecting mentality. It might also explain normal 
children from two feeble-minded parents, if one or both parents owed 
their defect to being Rh-j- from Rh— mothers. 

A special form of mental deficiency is that which accompanies 
phenylketonuria, a defect in which phenylpyruvic acid is excreted in 
the urine. Why this “error of metabolism” relates to the mind as 
well as to the kidneys is unknown. It is genetically a simple recessive. 

Dementia Praecox. — One of the commonest mental diseases is 
dementia praecox or schizophrenia. ]\Iore than half of the inmates of 
insane asylums are committed for this defect. Often arising in the 
twenties, sometimes in earlier or later years, it takes many forms. 
Patients perform meaningless movements, or are subject to spells of 
rigidity, or have curious delusions. Their emotions and will are dulled; 
they lose interest in people and things; they are incoherent in thought 
and action. Their dullness and stupor may, however, be punctuated 
vdth periods of excitement. 

More than one pair of genes must be responsible for this defect, and 
they might all be recessive; but the mode of inheritance is still not clear. 

Other Insanity. — On the basis of statistics from institutions in New 
York State, about 4.4 per cent of all females and 4.7 per cent of all 
males are treated for mental disorder at some time in their lives. 
The actual number of psychotic individuals is presumably larger. 

About 10 per cent of the affected males and 20 per cent of the 
fcjnales are treated for manic-depressive psychoses. This is probably 
a group of different but related disorders. ^ Patients are subject to 
periods of severe melancholia and strong excitement, sometimes 
alternately. Violence and crime are likely to be part of the expression 
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of excitement, suicide a result of depression. Twin studies speak 
strongly for inheritance. In identical twins 31 pairs were concordant, 
2 discordant; while in fraternal twins 1 pair was concordant, 13 dis- 
cordant. A dominant gene could well he responsible for manic- 
depressive insanity, ljut it does not always develop the character. 


When insanity is considered a unit, without respect to the type of 

disorder, no conclusion as to mode of inheiitance is to l)e expected. 

The pedigree in Fig. 1 17 shows presumal)le tiansmission but no definite 
rule for it. 



Fio. 1 17.— Podigico of in.sanity. iiulicating that tlio defect is inherit 
tlie mode of inhoritunce in doubt. IMuck. insane; .shaded, peculiar, 
nervous; white, normal. {From Hanson in Journal of Heredity,) 


d b\jt leaving 
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Amaurotic Idiocy. — Children born apparently normal begin some- 
times to lose their sight, become crippled, and recede in mental develop- 
ment in their early childhood years. The disease results from 
degeneration of nerve ganglia and the retina of the eye and regularly 
ends in death in early life. It is a simple recessive character. 

Epilepsy. This defect is manifested by spells of unconsciousness 
and peculiar muscular spasms. While accidents resulting in injury 
at birth may cause it, most epileptics have relatives similarly affected. 
Fundamentally the disorder seems to rest on disturbance of the brain 
waves. These waves, recorded by the electroencephalograph, are so 
similar in identical twins (Fig. 118) as to be of undoubted genetic 
origin. In all epileptics tested they show dysrhythmia or wide irreg- 
ular swings of the curve. The dysrhythmia itself is inherited as 
a dominant character. Not all dysrhythmics, however, have epilepsy. 
W hether m such persons the disturbance is not great enough, or whether 
some supplementary condition is lacking, is not known. 
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Crime. *Crime is assuredly not a single character, and what con- 
stitutes a crime depends on the laws under which the individual lives. 
Also whether an individual is criminal, or rather how criminal he is, is 
partly determined by his environment. Yet it would be easy to over- 
rate the influence of these nongenetic elements in crime, for a person 
v\hose mental qualities lead him to disregard the rights of others is 
well on the vvay to crime no matter what the laws are. Furthermore 
the facility with which a person gets into a crime-breeding environment 
is often one of his most distinctly hereditary characteristics. Genetic 
constitution not only helps to choose its environment, it helps to make 
it. This is one of the chief weaknesses of the view so often held that 

GARFIELD - AGED 22 - 8-1/2 PER SECOND 
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Fig. 118. Brain waves of ifJentical twins of two pairs, as recorded by the encephalo- 

graph. {From Lctinox and Gibbs in Journal of Heredity.) 
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society itself is responsible for the crime in its midst. AVhile admitting 
that the penal system may help to perpetuate itself by making itself 
necessary, one need not dismiss the hereditary element. 

A fevy of the pertinent facts follow. Some of the mental defects 
knovvTi to be inherited naturally lead to crime. The cold cruelty and 
thoughtless violence that often go with schizophrenia easily have 
criminal consequences. Psychopathic individuals easily conceive that 
they have suffered a great wrong and are led to crime out of conviction 
that it is just. Epileptics are guilty of crimes of violence more often 
than is their numerical share. Feeble-minded people do not foresee the 
consequences of their acts, and are led to follow their desires. One 
study of 470 youths who came into conflict vith the law' showed 30 
per cent to be distinctly feeble-minded, while 70 per cent w^ere of low'er 
intelligence than the av^erage for their age. !Mental tests have shown 
that repeating criminals hav^e on the av^'erage a low' IQ. In a study of 
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500 prostitutes, it avus found that their families showed a hif^h ineideiu^e 
of psychopathy, insanity, olii^ophrenia, alcoholism, criminality, and 
suicide. There are, of course, some types of crime that re(iuire hi^^h 

intelligence. 

The criminal records of twins are of interest. One study showed 

that in 10 pairs ol identical twins both had a criminal record ^\■hile in 

8 pairs only one was criminal; and in 2 pairs of fraternal twins both 

^\eie ciiininal, in 15 paii's <jnly one. .V number of these t^^'ins werti 
repeaters. 

Notorious Families.- Hecause oi the h(ueditar\' nature of some 
elements of criminal tendency, families tend to exhibit it fre(iuentlv if 
they exhioit it at all. A number ol notoriousl\' criminal families are 
on record. One of the earlie.'^t of these is the .so-called Juke family in 
New York State*, care'fully studied by Ougdale up to the year 1875. 

1 he name Juke is tieJitious, but tiu* i'(*al name* is knoun, and tlu* family 
lustojy was brought down to 1915 by l-Ntabrook. In the interval 
l>etween these two studies, the family had change'd little except in 
numbers. Of nearly 2100 indi\iduals (three-fifths of whom were still 
living in 101 5j belonging to this family, 878 were prostitutes, 181 vic- 
tims of alcoholism, 1 70 paupers, 120 otherwise dependent, 1 1 8 criminals, 
and 8(> kept houses oi ill lame. Approximat('Iy half of tlu* family are 
ieeblo-minded, and much more than half of tlu* criminal part (jf the 
family are feeble-minded. Indeed, by Kstabrook’s classification, all 
criminal memi>ers known to him were rated as m(*ntally defective. 
All these people are descendants of one woman, named “Ada'’ in the 
records, who was herself a harlot, and the son of a backwoodsman of 
Dutch descent. Little has be(n asc(*rtained directly about the mental 
<iuahties of this pair, but it is likely that both were defective. These 
two people, through their descendants, without counting an;.^ indirect 
losses, have cost the state of New York millions of dollars. 

Another such family was later studied by Goddard and described 
under the name Kallikak. The progenitor of this family, himself of 
respectable though not prominent ancestors, in Revolutionary times 
became the father of an illegitimate child by a feeble-minded girl, and 
later married a cultured woman of good family by whom he also had 
children. Two lines of descendants Avere thus begun, one of Avhich has 
been almost Avholly normal, the other including many feeble-minded 
and some other defectives. Not all of this difference is attributable to 
the differences between the two women Avho originated the two line« 

since the descendants consorted Avith others of their kind; but the 
beginning Avas made by them. 
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The Tribe of Ishmael, studied first by McCulloch and later by 
Estabrook, furnishes additional examples of what is presumably mental 
defect running through general families. This notorious group is not 
of a single relationship, but includes perhaps four hundred families, of 
which the Ishmael family was the largest and worst. An early record 
is that of John Ishmael, who migrated from Kentucky to Indianapolis 
in 1825, and thereafter made “gypsying” trips annually, returning to 
the vicinity of Indianapolis for the winter. Other families with similar 
wandering proclivities followed the same route and stopped at Indian- 
apolis because of the generosity of the inhabitants. Central Indiana 
thus became the headquarters of numerous families having similar 
qualities and receiving collectively the designation Tribe of Ishmael, 
though not of a single kinship. They have since spread more or less 
into the surrounding states and number almost certainly more than ten 
thousand. The characteristics of these people are shiftlessness, 
gypsying, petty thie\ang, begging, and sexual immorality, including 
prostitution and polygamy. Without much doubt these traits are 
basically due to feeble-mindedness or other mental defects. 

Similarly notorious are the Zeros of S^^'itzerland, the Wins of 
\'irginia, the Hill Folk of Massachusetts, and the Nams of New York. 
To describe them would be repetitious. The fundamental cause of 
their peculiarities must be in each of them widespread mental deficiency. 

Intelligence. — On the credit side of the genetic ledger no item is of 
more importance than intelligence. IMental tests have been used \\ath 
school children, and have shown that of 41 superior children only 2 
lacked a near relative who was also superior. Identical twins furnish 
the usual valuable information. The first critical examination of such 
twins was made by Muller. The twins in question (Fig. 119) lived in 
very different environments, although in families of the same general 
social rank. Comparison of their physical likenesses and differences 
indicated, by a statistical method, a probability of 386 : 1 that they were 
really identical t^^'ins and should therefore have identical inheritance. 
Intelligence tests resulted in strikingly close ratings — 153 and 156 with 
the army alpha test, and 62 and 64 with the Otis advanced test. These 
are very superior ratings. In other tests, designed to reveal \\'ill, tem- 
perament, emotion, social attitude, etc., considerable differences were 
revealed, which are fairly attributable to differences in training and other 
experience. Later studies of identical twins by Newman did not lead 
to such clear results. Using fingerprints and other physical characters 
to determine which twins were identical, he found that the mental 
equipment of some of those regarded as identical might be very differ- 
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ent. One pair, described ratlu'r fully, livc'd tof^(‘tlier until t.u'{) yc'iirs 
of ix^o, after which one w(*nt to ( ’anada, tlu* otlna' remained in London, 
d'heir physical likenesses indicated a pj-ohahility of about 2()()() to 1 t hal 
they w(M-(‘ idiaitical. J>le\-('n t(‘sts weix' appli('d to lln'in, incliidinj^ 
t!ie Staiiford-Hinet, Thurstoiie psycliologieal, Otis seif-administeiing, 


l io. na. I.lcntical twins wlu) W(Me soi)atalc<l at tlio a^(‘ of (Mtjht tnontlis an, 
wcto tORotlKM- an a^KifKalc of inn montlis aftor that titan. One was traiiKMl in 
husinoss (•t)UoKo atid hold nvnnorous .socrot at ial positions; tlio other was a loachet 
Hian-tcMl and laid one clahl. Their phy.sical likotto.ss is obvious. Their tnenial likencs 
wa.s tested by Professor Muller (see text). (From Po,,rnoc in Journal of I/ercdity.) 

International (Ooddj, Stantord achie\-ement , aiul Downey will-teni- 
perarnent. Tlie twins were tiuitt' different in nearly all cases. Whethei 
the differeii(;es l)et.\veen them are thus ju-oved nongenetic, or whethei 
the criteria of their iieiiig identical twins are proved inadequate, is not 
decided. Fingerprints, often u.sed in determining which twins an 
>« entieal, are not wholly ivlial.le; ami besi.les, even fraternal twins art 
alike in all respects for which their jiarents are homozvgous Onr 
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would like also to know what results would be obtained by administer- 
ing the various psychological tests to identical twins who had lived 
together all their lives. This would be a test of the tests themselves. 

How intelligence is inherited is not understood; few have attempted 
to discover a definite method, owing to its complexity. Hurst, from 
a consideration of the numbers of people of the various mental grades, 
proposed a scheme involving six pairs of genes which he calculates will 
produce the observed distribution. First in his scheme is a dominant 
gene iV for mediocrity. In the presence of this gene other genes are 
of no effect, ^^’ith nn, which permits atypical mental development, 
either good or bad, modifying genes (.4a, Bb, Cc, Dd, Ee) determine the 
lesult. Ihese modifiers are cumulative and lack dominance. One 
gene of each ot these pairs favors ability, the other the reverse. Hurst 
estimates that the random combinations of these genes would provide 
the observed numbers ot individuals ot the various grades of intelli- 
gence, but no attempt has been made to determine the genotypes of 
individuals in any family history. 

Musical Ability. The classical evidence of the inheritance of 
musical ability is the family relationship of man^'' musicians. A 
favorite pedigree for this purpose is that of Johann Sebastian Bach 


which, because of errors in all earlier accounts of it, has recently been 
caiefully reexamined. The new famib'' histoiw may be summarized 
as follows. In six generations, taking into account only men (because 
of the limited opportunities for women) and omitting all not old enough 
to have demonstrated their capacities, this pedigree includes, besides 
Johann Sebastian himself, 29 professional musicians, 16 others who 
vere composers, 2 known to have musical ability but who were not 
professional, and 7 who are not known to have had any special musical 
gifts. This list is complete; no men have been omitted. Similar pedi- 
g^es have been assembled for Mozart, Beethoven, Brahms, Schubert, 
Liszt, and Weber, each through three or more generations and each 
including many more musicians than the general population can boast. 

It is not profitable to try to fix dominance or recessiveness of 
musical ability as a single character. It is obviously made up of sense 
of pitch, consonance or dissonance, intensity and rhythm, tonal 
memory, feeling, imagination, and the like. Psychological tests 
devised by Seashore have been used to measure some of these separate 
elements, and it is found that they may’' be fairly independent both in 
their occurrence in individuals and in their inheritance. A person may 
have a good sense of pitch with a poor memory for tones, or a good 
sense of intensity without a good recognition of consonance. The 
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results of these tests are not apj^reciahly affected l>y musical training, 
hence are to l>e regarded as measures of ability, not achievement. 
Even these single abilities have not been shown to l>e inherited in any 
clear fashion, as children may be either superior or inferior to their 
parents or intermediate l)etween two dissimilai' parents. Inheritance 
of musical ability is therefore quite complicated. 

Other Special Aptitudes. l*ainting and sculpture have likewise 
their celebrated families. Titian was one of nine artists in one general 
relationship, and tiie historical paiiitca- F(‘uerbach was similarly 
related. Mathematics is also a family actaanplishment ; the llernouilli 
family included at least ('ight important mathematicians. This ability 
may concern chiefly form (geometry) or logic (alg(‘bra, etc.), and one 
investigator concluded that divisions of mathematics tended to run 
separately in families. This same student field that the single com- 
pon(*nts of mathematical ability were probably mostlN' dominant and 
autosomal. The occurrence of both matluanatical and musical ability 
in the same individuals is so common as to lead to the belief that they 
have something in common. 


PROBLEMS 

191. What apparent irrogulariti(‘s of tlic rule* that f(‘(‘t)lc-inui<hMln(\ss is reces- 
sive could he explaiiK'd by tiie Hh factor? 

» ‘-iniiid(“dness are apparently hi'coining more common, 

what various explanations of tlie increase may be giv(‘n? 

mental tests not always yield ecpial ratings of identieal twins? 

194. Wluit elements enter into musical ability? Which of them do you think 
there is some hope of measuring? 

196. How do you sui)poso the idea gained currency that criminals can be 
recognized as such from the shape of their ears or noses? 

196. In what genetic situations is correlation most useful in showing that 
characters are inherited? 

197. Which is the more likely, heredity or environment, to explain differences 
between cliildron of the same parents? 

198. IIow do you suppose tests of musical ability avoid showing the results of 
training? 

199. Why has it been more difficult to discover the heredity of mental charac- 
ters than of structural traits? 

200. If numerous men in a kinship have been naval engineers, does that mean 
that naval-engineering ability in this line is inherited? 



CHAPTER 23 

APPLIED GENETICS 


Knowledge of heredity is extensively applied in three directions: 
to the improvement of larm crops and domesticated animals, to the 
settlement of disputed points at law, and to betterment of the human 
race itseli. dhe first two of these methods are treated, vith represen- 
tative examples, in this chapter. 



I'lG. 120. — Differences in resistance of wheat to black stem rust; resistant type at left. 

others partly susceptible. {From Hayes and Aamodt.) 

Crop and animal improvement is chiefly concerned with the food 
supply, but to a lesser extent with clothing, sometimes \vith shelter. 
Plants have yielded more than animals to the newer knowledge of 
heredity, partly because their economic characters are simpler, but 
more because it is inexpensive to rear them in experiments. 

Resistance to Disease in Plants. — One of the most important fea- 
tures of a cultivated variety of plant is its yield, and one of the principal 
obstacles to high yield is disease. There are many of these diseases, 
and for nearly all crops some varieties are more resistant than others. 
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It is desirable to know how this resistance is inherited, so that it ma,y 
be combined, in crosses, with the other features of economic value. 
Ill stating the mode of inheritance, one needs to remember that 
resistance which is dependent on. say, three pairs of genes may appear 
in a given cross as depeiulent on only two, or even on only one pair. 
In that cross the two contributing plants were simpl>' alike for one or 
two of the necessary genes, l)ut ditlerent lor th(' rest. 

Resistance of wheat to rust (Rig. 120) ina>' differ from susceptibility 
i)y just one gene, with resistance dominant. Jhint resistance in \\heat 
rests on three pairs of genes, two strong pairs and one weak. Resist- 



Fig. 121. -CopenliaReii cabbapc. .susceptible to the “yellows.” at left; -Marion 
Market, resistant, at ri^bt. (From Rcinkiitg in Farm Research, A'. Y. iState Agr. Exp. 
•Sta., Geneva.) 


aiice to rust in snapdragons, which exempts 80 to 90 per cent of the 
plants, is provided by a single dominant gene. 

Blight in corn is prevented by a single dominant gene, stem rust 
in oats by one dominant gene, cromi rust in oats sometimes by one 
dominant gene but sometimes by two complementary dominant genes 
at different loci. Smut resistance in oats requires two pairs of genes 
in some contrasts, three pairs in others, but often only one. Mildew 
in barley is affected by one dominant and one recessive gene, while 
mildew in beans is largely prevented by one dominant. AVilt resistance 
in tomatoes depends of one dominant gene. 

A'arieties of cabbage differ greatly in their resistance to the “yel- 
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lows,” a disease caused by a fungus which develops best in hot weather 

ihe Copenhagen variety is very susceptible, whereas Marion Market 

IS nearly immune (Fig. 121). The heredity of this resistance is not 
lully known. 

Resistance of Plants to Pests.-It is not only to the disease-pro- 
ucing organisms that plants show resistance, but sometimes to the 
pests that feed on them. \^arieties of cantaloupes differ in the extent 
to which they withstand the attacks of aphids. Ivanoff has tested 
the strains by putting aphids on them in the seedling stage and 
watching the drooping of the leaves that takes place several days 
later in the susceptible plants. Crosses between resistant and sus- 
ceptible types show the resistance to be dominant, and there is 
ordinary segregation in F 2 (Fig. 122). 

One of the worst pests of wheat is the Hessian fly; but some 
varieties of wheat are resistant to it. Some varieties are found, in 
crosses, to differ in two pairs of genes with respect to this resistance. 



I'lG. 122. Susceptibility of seedling cantaloupes to aphids. An F 2 generation froi 

cross of re^stant and susceptible; susceptible plants marked X, (From Jvanoff i 
Journal of Hercdxty.) 


otheis in only one. Resistance tends to be dominant under field 

conditions but recessive in the greenhouse, at least in certain 
crosses. 

The vine-producing grapes of France are largely susceptible to 
phjdloxeia, aphidlike insects which attack the roots. Certain Ameri- 
can vaiieties are immune to the phylloxera, but do not possess the 
qualities needed for Avine. Hybridization between the French and 
American strains has led to the combination of immunity with some 
other desirable qualities to produce good table grapes, but attempts to 
make the wine grapes immune have not been A'^ery successful so far. 
Just hoAA'^ the resistance to phylloxera is inherited is not clear, but it 

is a segregating character. 

Amargo corn in Argentina is resistant to locusts, and this property 
is inherited as a recessiA'e character. A variety of peach from China 
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and the Philippines is resistant to nemato<lc AVf)rins, whieli attack the 
roots, and this property is found to he dominant. And hnallv, hybrids 
between certain strains of corn are more resistant to tiie corn borer 
(Fig. 123) than are tlie parent strains. This response may be merely 
part of the phenomenon of hybrid vigor, 
to be discussed later, but here it is only 

^ V 

indirectly related to yield. 

Resistance to Disease in Animals. — 

Much less definite is the knowledge of 
inheritance of resistance to dis(‘ase in 
animals. The resistance of poultry' to 
Salmonella pnllorinn, the bacterial gcaan 
of white diarrhea, is probably providcnl 
by the larger number of white blood C(‘lls 
present soon aft<*r liatching, which is the 
time of greatest danger. l'his(‘xtra num- 
ber is inherited and is in g<*neral (hnni- 
nant, but it may r<‘st on moi-e than one 

gene since the resistance is increas(Hl ])v 

% 

selection. Susceptibility to tyjihoid in 
fowls was reduced from 85 per cent to 10 
per cent in five generations of rigid 
selection, but even then considerable 
genetic variability remained in the flocks. 

The mode of inheiitance was not dis- 
covered. Frateur concha hn I that resist- 
ance to diphtheria in poultry is due to a single pair of genes, l>ut the 

numbers of fowls observed was too small to justify so definite a 
conclusion. 

Rabbits differ considerably in their resistance to the bacterium 
causing abortion, and Manresa was able to produce by selection nearly 
true-breeding strains of susceptible and resistant animals. He tenta- 
tively concluded that the difference is governed by one pair of genes 
and that resistance is dominant or partially dominant. 

jMany other experiments with resistance to infection have been 

conducted on laboratory mammals, particularly rats and mice, but 

these animals are not of direct economic importance in the same sense 

as poultry and rabbits. They confirm by analogy, however, the 

expectation that such resistance will be found to be genetic and that it 
is probably IMendelian. 

The question has been raised whether resistance may not be more 
dependent upon the mother than upon the father and thus be attribut- 



I'lu. 123. — Tlie Kuroi>eaii 
cofU l)orer. {From Suodgrnss, 
V. S. D. --1. Bureau of Ento- 
mology.) 
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able to cytoplasmic or (in the mammals) developmental influence. 
In a number of experiments this possibility has been tested by making 
two series ol matings, in one oi which onl 3 ^ males were selected, in the 
other only females. The results were essentially ahke, indicating that 
icsistiiric© ib ti<insmitt0cl Hourly ©cjutillv by tlic two s©X6S 

Economic Features of Poultry.— Fowls have yielded more to experi- 
ments on heredit}’' than most other domesticated animals, because they 
are least expensive to rear. Besides resistance to the pullorum dis- 
ease, mentioned in the preceding section, important results relating 




Img. 124. Wilcl-t.\pe mink (abovp). and platinum or .silverbhi mutation (below). 

{From Smith cf al., in Journal of Heredity.) 


to egg production have been obtained. Ha 3 ^s finds that eai'b^ maturitv', 

w hich is one mark of a good la 3 ’'er, is dependent on two dominant genes, 

one sex-linked, the other autosomal. Their effects are separate, and 

aie cumulative if both are together. Pullets that lack both of these 

genes lay their first eggs at 250 to 300 da 3 's of age. Those with either 

the sex-linked or the autosomal gene, not both, mature at 190 to 200 

days. But fowls with both of these genes begin la 3 dng at the age of 
170 to 175 davs. 

An important influence against la 3 dng is broodiness, the periodic 
tendency of fowls to sit on their eggs; la 3 ’ing stops in such periods. 
In Rhode Island Reds about 57 per cent of the fowls become broody at 
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least once in their first year, 34 per cent not until the second year, and 
9 per cent not until the third year. Broodiness is deijendent on the 
action of t\vo dominant complementary geiu's, which exert their control 
by regulating the late of secretion of the broodiness-controlling hor- 
mone, prolactin, by the pituitary gland. 

Size of eggs is to some extent inherited, but the mode of transmis- 
sion is unknown. The evidence of heredity li('s in the correlation 
between the size of (*ggs laid by motluns and i)y tluar daughters. In 
Rhode Island Reds th(‘ coefhcient of conelation (s(*(‘ Appendix) in 
three difTerent liiK's was 0.10, 0.47, and 0.53. 44i(‘se values indicate a 

moderate but unmistakable influence of luM(‘ditv. 

% 

Mutations. Part of the improN eimnit of animal brecHls starts with 
the discovery of new* mutations. The mutant type may be immedi- 




I'lG. 12.'>. — Emperor grape and it.s .seedlcs-.s mutation (right). {From Olmo in Jonrnnl 

of Heredity.) 

ately of such value that it needs only to be made homozygous. One of 
the most valuable of these mutations is the silverblu mink, called also 
platinum (Fig. 124). This one is recessive and was of course homo- 
zygous when discovered. Other recessive mutations, also some 
dominants, have been found, and several recombinations of them have 
already been made. Thus koh-i-mir mink and blufrost have been 
combined to produce “dominant white,” also blufrost with silverblu 
(platinum), and silverblu with pastel. Most of the mutations and 
the recombinations still need to be tested by the fancy of furriers and 
their customers. 

In plants somatic mutations, genetic changes in some part of the 
plant itself instead of in the germ cells, are not uncommon. Because 
the altered part may be vegetatively reproduced (a method not avail- 
able in animals), such mutations may be used to establish new varieties. 
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A seedless type of grape (Fig. 125) arose in this manner from the 
Ihnperor vari('ty. Seedless giapes are smaller than their seedy pro- 
genitors, hut are preferred by the trade. 

Miscellaneous Qualities of Plants and Animals.— Aside from yield, 
every crop has other (pialities, of which some are preferable to others. 
Sugar in melons has been found to dejjend on several genes; glucose and 
fructose are in the main dominant, sucrose mostly recessive. Long 
liber in cotton, valued because of the strength it confers on cotton 
fabrics, is nearly dominant over short fiber in Fi, but there is some 
variability in lengtii of fiber in F. (Fig. 12()), indicating that more than 



I — \ \ K/ii . i/Kf \ , in 1 1' I I', 

lloldoii cotton; at riKht. lonu-fibercd Pima. Center, the I'l generation, wit 
nearly as long as the Pima. Below, extremes of length in p 2 generation. (. 
from Kcarniy in Journal of Heredity.) 


12C). Inheritance of fiber length 


in cotton. Above, at left, short-fibered 

h fibers 
Modified 


one pair of genes is concerned. Yellow color of the flesh of peaches is 
dominant over the less desirable white. The sugar content of beets 
is different in different varieties, and it is partly inherited, since there 


has been some improvement of it through selection. 

The polled (hornless) condition of cattle, valued as a contribution 
to safety, is dominant over horns. Color in horses, though not 
thoroughly understood, is inherited after a multiple-gene plan as in 
other mammals, with gray dominant or epistatic (page 113) to all 
others. Knowledge of this color scheme should aid in obtaining 
matched teams. A high percentage of butterfat increases the value of 
milk, and there seem to be one or more genes for this richness apart 
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from those for yield. High butterfiit is in general recessive, or nearly 
so. One variety of bees produces honey rich in levulose, another 
variety honey with much dextrose. The levulose type appears to be 
dominant, for the Fi generation ot a cross produces levulose-rich honey, 
while a backcross of the Fi to the dextrose 
type produces intermediate lioney, pre- 
sumably due to a mixture of tlie two t \ pes 
ot workers. Most bi(‘cds of animals luive 
association standards which bie(‘ders ti‘v 
to meet and which are <listinct from j^ro- 
ductiveiiess. For the most pait the in- 
heritance of these arl)itrarilv favored 

« 

characters is not understood, so that the 
problem of “improvement” is a continu- 
ing one. 

Synthesis of Varieties. Uecoml)ina- 

tion of chaiacters of a simple soit has 

been mentioned in connection with manv 

% 

useful qualities. Somotinu's 1 he (U'sirable 
qualities are so numerous, and are “origi- 
nally” tound in so man\' (lilferent strains, 
that combining them into one variety 
becomes a far more ambitious project 
than the study of the mode of inheritance 
of each trait separately. Improvement 
of wheat and barley is an example, since 
there are a number of different “forms” 
of rust to which a good variety must be 
*esistant, the yield must be high, the 
stiaw strong, the plant winter-hardv, and 
maturity early. It is a convenience in 
threshing to have no heard or awn, and 
it has been removed in some varieties. 

In barley Hayes found it undesirable to 
remove the awns because they Avere in 
some Avay correlated to yield; so he ren- 

(leied them harmless by removing the barbs from them (Fitr. 127) 
through hybridization. 

In tobacco likewise new varieties have been made to order \ good 
'•anety must burn rather freely, leave a tenacious ash, and possess a 
good flavor. the wrapper leaves should have a delicate aroma and 



Im G . 127. — Barbed and 
sinootli awns of barley; a 
seed with awn attached, por- 
tion of l)arbed awn of Man- 
churia variety, and portion of 
smooth awn from Lion variety. 
{From Hayes in Journal of 
Heredity.) 
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a uniform greenish-brown color, be lacking in coarse veins, and be 
thin, strong, elastic, and broadly rounded at the tip. The tobacco 
plant should mature quickly, have no lateral branches, produce many 
leaves per plant, resist disease, and stand up against wind and rain. 
Broadleaf has three of these qualities not found in Sumatra, and 
Sumatra has two of them not present in Broadleaf. Several others of 
the right characters are in both of them, and in three respects a variety 
intermediate between them would be better. Eagt and Jones, by 
iiybridizing Broadleaf and Sumatra and selecting for four or more 



Fig. 128. Production of a now tobacco variety by Iiybridization. Left, Broad- 
leaf variety; right, Sumatra; middle. Hound Tip, produced b>' ci'ossing Broadleaf and 
Sumatra. {Reprinted hy permission from Jones, Genetics, John Wiley & Sons, Inc.) 

generations, produced Roundtip (Figs. 128 and 129), which is near the 
ideal. 

In strawberries, hybridization between cultivated varieties and a 
wild type is found to involve winter hardiness, which is dominant over 
winterkilling; large fruit, which is dominant over small; many runners 
(dominant over few) ; early bloom (dominant over late) ; and early 
ripening (dominant over late). 

Hybrid Vigor. — In certain organisms h3''brids — at least some of 
them — possess a greater vigor than either of their parents. The 
counterpart ot this phenomenon is that inbreeding results in a diminu- 
tion of vigor. Corn is a particularly good illustration of both effects. 
Under field conditions the pollen, which is produced in the tassels at 
the tops of the plants, falls and is blown hy the wind upon the silks 
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of the same plant and of neif^hhoring plants at random. There is 
some inbreeding?, tlicreforo, ami a good deal of cross-fertilization, but 
by human inter\'ent ion either one may wholly replace tlie other. 

If a strain of coni is self-pollinatc'd, a number of generations in 
succession, it almost always becomes less healthy. Stalks become 
shorter and slenderer, the leaves liave a paler color, and the ears are 
smaller. Since siz*' of ears largely determines yield, the crop from 
su(!ce.ssively self-pollinated c(n-n iK'comes h‘ss and less. 

Now, if two such weakened \'arieti<*s are crossed, the Fi plants 
I’uised from their h\'brid seed are almost always much larger and 
healthier, as first shown by Cl. 11. Shull. The ears of these Fi plants 



I'lG. 129. - Hesistuiice to root rot io (ohacof). 
Jit left and right, those of Havana in the inidflle. 
of Heredity.) 


Roots of the Round Tip variety 
{From Kant and Jones in Journal 


are considerably larger, and the yield is accordingly increased. The 
effect on both the plant and the yield is illustrated in Fig. 130. The two 
plants at the lett below belong to two strains weakened by repeated 
self-pollination, and the corn in the two baskets at the left above is the 
^ ield obtained from them on a certain small area of ground. When 
these strains were crossed Fi plants like the third one in the figure were 
produced, and the yield from the same amount of ground is shown in 
the third basket above. The yield is about three times that of either 
parent strain. If, however, the Fi plants are self-pollinated and their 
offspring are self-pollinated, and so on, there begin at once a weakening 
of the plants and a diminution of the yield. Jones finds that the 
reduction in the size of plants stops at about five generations of self- 
pollination, and the reduction in yield at about 20 generations — though 
the bottom is almost reached much earlier. 

(Tossing of the strains for seed for farm production is done by 
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planting the strains in alternate rows, and detasseling one of them, 

thus destroying its pollen. The detasseled plants bear the hybrid 

giains, \\ hich are planted for the main crop the next spring. Probably 

three-fourths of the corn crop in the United States is produced from 
hybrid seed. 

Harley crosses also show hybrid vigor. The Fj generation in one 
test yielded 27 per cent more than the parents, but the F 2 generation 



corn. {From Jones in Conn. Agr. Exp. Sia., Bull. 266.) 


(from inbreeding) dropped back to a 24 per cent gain, the F 3 to 13 
per cent. 

Hybrid vigor has been observed in radishes, hemp, rye, Avheat, 
cucumbers, and tomatoes, and in pigs, cattle, and sheep; but no 
organized attempt has been made to take advantage of it commercially 
in most of these. 

Plant Patents. — One development in plant breeding hopefully 
designed to be of economic value is the system of plant patents in the 
United States. The originator of a new variety was to be given con- 
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trol of his product, with wluitevor finaiiciiil advantage he could get 
from such control. From 1930, when the law was adopted, to 1941 a 
total of 612 patents had heen granted, (jf which 299 were for roses, 151 
for other ornamentals, and 137 for fruit or oth(*r agricultural j:)ro(luc.ts. 

A defect of the plan is that it ineiely extends to plant varieties the 
operations of the patent laws designed to protect imaaitors of manu- 
facturable devices. In obtaining a patent, the inventor is n'cphred 
to “disclose” the method by whicli his product is made so that others 
can reproduce it. rnfortunately, the “ origiTiator “ of a new' plant 
variety can seldom tell any one how to i)ro(hice it aiuwv. Fsually he 
has merely observed a new thing to arise, has recognized its \'alu(‘, and 
has perpetuated it by asexual reproduction. If an\' on<‘ else “orig- 
inated” the same thing, it would be accidental, not !>('caus(‘ h(‘ had 
followed any proc(‘dur(; outlined in a patcMit ai)i)lica1 ion. 4'h(‘ kind of 
variety that a breeder could r(‘ally oi-iginate would be a recombination 
of a number of traits through sexual n'production. If an att(‘mi)t 
were made to maintain such a ^'ariety by sexual rc'production. mutation 
and residual het(‘rozygosis would ev<‘ntually (ixM-haps soon) change the 
combination, and it would be (juestionable whether the variet^■ was then 
still the thing that was patented. 

A more workable scheme wouhl be one that limited the patent to a 
line of descendants, by vegetative reproduction, fi’om one specihed 
ancestor. The only (luestion that then could arise concerning alleged 
infringements would be whether the supposed infringing variety were 
thus descended. There would be no (piestion whether it were geneti- 
cally identical w’ith the patented one — a (piestion that could not usually 
be answered even by a geneticist, not to say a court of law . 


A number of suits have been broiight under the plant-i>atents law, 
but it would be difficult to say whether any originator had reallv been 
aided by the patent privilege. 

Legal Applications.— -Knowledge of heredity can sometimes be used 
to help settle legal (piestions. One of the first applications of this sort 
was made in Norway, where by law illegitimate children have the same 
right to the father’s name and property as the legitimate children have. 
In the case in question a child born out of wedlock had brachydactjdous 
hands and feet, while the mother and all her relatives were normal. 
The alleged father was brachydactylous, and no other man in the 
neighborhood had this character. He w'as accordingly adjudged guilty. 
Short fingers are too uncommon to figure in many huvsuits, but its very 
rarity enabled the court in this instance to fix the guilt upon a single 
individual. Had the character been a common abnormality, all that 
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the court could have decided from the facts of heredity would have 
been that the father was some brachydactylous person. 

To be of frequent use in the courts, the inherited characters involved 
must be those in which manj^ people differ from many others. Eye 
color would be excellent if it were a little less erratic in its expression. 
At the present time one of the most reliable characters is the blood 
group. Eveiyone belongs to one or another of four blood groups, the 
mode of inheritance is known (page 80), and the technique of deter- 
mining the group is subject to few errors. If the blood group of a child 
and that of one of its parents are knoANn, the blood of the other parent 
is limited to certain groups, as in the table below. 


Blood group 

Blood group of 

Blood group of 

of child 

known parent 

unknown parent 

0 

0 

0 , A, or B 

0 

A 

0 , A, or B 

0 

B 

0, A, or B 

A 

0 

A or AB 

A 

A 

0, A, B, or AB 

A 

B 

A or AB 

A , 

AB 

0, A, B, or AB 

B 

' 0 

B or AB 

B 

A 

B or AB 

B 

B 

0 , A, B, or AB 

B 

AB 

0 , A, B, or AB 

AB 

A 

B or AB 

AB 

B 

A or AB 

AB 

AB 

A, B, or AB 


Although in a few instances an unknowm father might belong to any 
of the groups, in some combinations of child and mother he would be 
limited to three of them and in a few of them to two of the groups (see 
last column of table). No man could in this way be proved to be the 
father of a given child without the aid of other evidence, but he could 
often be shown not to be the father. Thus, a man of blood group AB 
could not be the father of a child of blood group O no matter who the 
mother was (first three lines of the table), and a man of group A could 
not be the father of a child of group B if the mother were of group O 
(eighth line). The possibilities of the scheme are increased by the fact 
that agglutinogen A exists in three distinguishable forms (Ai, A 2 , As) 
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and by the existence of other allelic series of blood agt^lutinoKeiis. 
Wiener has estimated that, by the use of blood groups based on the 
ABO alleles, it wouhl be feasible to decide about oiu'-sixth of the cases 
of disputed paternity, while if the MX gioups (page 81) be also 
included, about one-third of such <aises ccndd l)e settled. \\’ith more 
general knowledge of the Kh alleles (page 209). the projjortion of cases 
that could be decided should V)e considerably increased. 

Sometimes the problem is to decide which of two children might 
belong to a certain pair of parents. Instances of this sort have arisen 
in hospitals where babies could be inadvertently (‘xchanged. A case 
of such exchange in a metropolitan hospital a few years ago was tlecided 
beyond doubt by determination of the blood groups. A similar <jues- 
tion arises when a possible impostor claims to be the long-lost child 
of wealthy or titled parents, and the same possibility of an answer from 
the blood groups exists. In both of these situatiims the parents are 
known and the child is uncertain; or the child is known and both 
parents are uncertain. The possibilitic's oi)en to the unknown child 
are shown in the following table. 


Pa 

rents 

Possi 

hie 

Childi 

0 

X 

() 

O 



O 

X 

A 

o, 

A 


C) 

X 

B 

(). 

n 


O 

X 

AB 

A. 

n 


A 

X 

A 

o, 

A 


A 

X 

B 

o, 

A, 

B, AB 

A 

X 

AB 

A, 

B. 

AB 

n 

X 

B 

<>, 

B 


B 

X 

AB 

A. 

B. 

AB 

AB 

X 

AB 

A. 

B, 

AB 


Eugenics. — The application of knowledge of heredity to improve- 
ment of the human race, referred to in the opening paragraph of this 
chapter, constitutes the science of eugenics. Because of its complicated 
nature, and because natural human interest necessitates a more exten- 
sive treatment, this subject is segregated in a separate chapter. 

PROBLEMS 

201. How' can two investigators, without any mistakes in experiments or 
reasoning, reach different conclusions regarding the luimher of genes involved in 
some economic character? 

202. WTich of the practical applications of genetics do you think has done 
most to increase the food supply of man? Be specific, not general. 

203. WTat various features of poultry do you think contribute to their annual 

production, either favorably or unfavorably? 
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" iT is combination of valuable qualities in one variety 
more difficult than discovery of the mode of inheritance of each quality? 

" be the explanation of hybrid vigor if it should be found that 

e as the hybrid, could be established? 

206. Hybrid vigor in corn was discovered in 1907. How do you account for 
the passage of decades before practical use of it was common? 

207. Why is the plant-patents law of the United States unsatisfactory? 

■ ‘be estate of a recently deceased million- 

einnn Tf u” that he was long 

estranged from h.s alleged father, \t hat should be the conclusion of the court or 
jury trying his claim? 



CHAPTER 24 
EUGENICS 


Ihe numo eufz;erii(*s is j^ivon tu tlu* oollootivo principles and pro- 
cedures that lead, or \vuul<l lead it iis(*d, to iniproveinent of the human 
race. The word was coined l>y Sir Francis Calton i V\fr. 131 ) in 18S3, 
in his “Imiuiry Into Human Faculty and Its Development,” and 
means literally ^ood (or Iriiej l)irth (or oriKinj. Any tlieories or 
actions that look toward the reduction or elimination of human defects, 
or the increase of desirable (luahties, are thus part of the science of 
eugenics or of the eugenics movement. 

Individual Decisions.— Much of what may be done to improve 

man s traits must probably always depend on voluntary actions of 

indi\ iduals. It is reasonable to suppo.se that right-mimhal people will 

not wish to visit any serious handicaps upon future generations. This 

should be especially true when prevention can be accomplished without 

greatly disturbing the physiological and emotional outlets of thos<‘ who 
have to make the decisions. 

If a young couple produce a child afflicted ^^'ith amaurotic idi<,cy 
(page 219y they probably learn for the first time that l)oth of them are 
heterozygous for this grievous defect. Naturally they do not wish 
other children of the same kind. It is po.ssible to compute (see below) 
the chance that they will have such children if their familv is continued. 
There is still greater chance that any further children, although nor- 
mal, would carry the gene along, ready to come to expression whenever 

there is a union of two heterozygotes. The decision as to what to do 
must be made by these parents. 

A rarer condition wliich creates the same problem is phenylketo- 
nuria Py 2^), a defect of both kidneys and mind, whicli is recessive. 
The chief diflerence between it and amaurotic idiocy, as a eugenie 
problem, is its comparative rarity; there would be less risk in later 
generations, of the union of two heterozygotes. A^et the gene would 

so lairfh^; th " constitute a danger, particularly in generations 
•so late that the occurrence of the trait in the ancestry was no longer on 
record or in the traditions of the family. ^ 

Sometimes a defect is physical, and^of a sort that can be surgicallv 
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(onected. Harelip and cleft palate, alread 3 ' described (page 199), 
belong in this category. Early correction of this defect should of 
course bo made in every case; but parents sliould understand that, as 
in other ac(piired characters, somatic correction does not change the 
genes. Later generations are likely to have the same problem to solve. 

If the unwanted character is dominant, the predictions are simpler. 
It dominance is complete and regular, it is usually possible to say 
whether the affected person is heterozj'gous or homozygous. For the 
rather uncommon dominant characters, such a person almost ahva^^s 
is heterozvgous. A fortunate feature of such characters is that persons 



Fi<i, i;U. — I'rancis Galtoii. {From Galton, Mcmorhs of My Life, Mcthxien and Co.) 


fr('(» trom them are likewise free from the gene. A normal person can- 
not transmit a dominant mutation, no matter how many of his relatives 
had it. Such certaintv exists, of course, onl^’’ if the character is realh’’ 
dominant; anv irregularitv of dominance introduces uncertainty. 
Such regularlv dominant characters include a number of those in which 
bone growth is restricted. If all people hav'ing lobster claw, for 
example, were to refrain from producing children, the gene for that 
character could be eliminated from the population in one generation 
except as it arose b\' mutation, which undoubtedly occurs. 

Basis of Judgment. — For various reasons, parents who must make 
the decision to limit their family should do so after a study of their own 
situation. \ ery few human defects are so uniformly expressed that 
t liey may invariably be recognized for what the^' are; many of them are 
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clinically similar to something else, which may he genetically verv 
different. A careful diagnosis by a competent physician is usually 
rcQuiied, and even this is not always (‘ertain. d'wo human traits 
that physicians would judge the same are sometimes inherited differ- 
ently. Numerous examples of the uncertainty of the mode of inherit- 
ance in man were indicated in the chapters on human iieredity. ft is 
not safe, therefore, even after diagnosis, to accept the published facts 
and conclusions regarding the inheritance of the supposed character in 

(luestion. It is far better to study 

% 

the iamily histories of the parents 
who are obliged to decide tlu'ir 
momentous (piestion. Any decision 
should, if possible, be made after 
both diagnostic and genetic studv. 

Calculating the Risks. — Even 
after the necessary studies are made, 

I^arents are seldom faced with the 
certainty that the dreaded character 
will appear in any of their children. 

Usually there is only a fractional 
chance that it will do so. What are 
the rules relating to this chance? 

^ When dice are thrown, each die may turn up in any one of .six way.s 
(Fig. 132). If the dice are perfect, the chance of any particular number 
coming out on top is one in .six, or one-sixth. The likelihood that 
another die will turn up this same number is also one-si.xth. Now, if 
two dice are thrown simultaneously, the chance that both will show the 
number four is X }i, or ,i^6- Any other specified combination of 
numbers, for example, four on the first and two on the second, would 
have 1 chance in 30 of being realized. If three differently colored dice 
are thrown, the chance that any particular combination of numbers 
such as two on the red one, .six on the blue, and one on the green will 
appear is X X 3-^, or The probability of any designated 

combination of several independent events is always the product of 
their individual probabilities. These are the laws of chance. 

How does this affect the decisions of parents regarding a possible 
limitation of their families? Or the question raised may be whether 
a given individual should marry. The discussion will be based on 
he assumption that the latter is the question raised. Suppose that 

feeble m ‘!i perpetuating is some form of 

eeble-mindedness and that the study advocated in the preceding sec- 


Fig. 132. — The six possible posi- 
tions of dire. If the rubes are per fect, 
each position should occur us fre- 
(luently a.s any of the others in a large 
number of throws. 
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tion indicates that it is a simple recessive. The knowm family history 
IS that shown in Fig. 133, and the subject of inquiry is the man num- 

I Ki I f of carrying the 

feeble-minded gene (/). Now, the fact that No. 2 is feeble-minded 
shows, under the assumption that this defect is a simple recessive, that 
both parents are heterozygotes. Consequently, their phenotypically 

normal children -will be of two genotypes: 
of them (}i of the whole family) should be 

I r— I 1 homozygous normals (FF) while % of them 

M • n n family) should be heterozy- 

i—Ji W9 I_J9 l_j^ gous normals (F/). Number 3, like each of his 

bi others, has therefore two chances in three of 
carr^dng the feeble-minded gene. 

Perhaps the policy to be decided is whether 

cousins should marry. The general family to 

)\ hich they belong has produced an occasional 

. , . individual possessing a recessive trait which it 

IS not desirable to pass on. What is the chance that the cousins would 

have a child burdened with it? A concrete problem is presented in 

hig. 134 m which the unfortunate recessive persons are shown in 

black. Individuals III-3 and III-6 contemplate marriage. Though 

they are normal, may not a child of theirs exhibit the character they 
I oar.'’ 


I] -^2 > — '3 I — '4 

Fig. 133. — Family 
history illustrating 
t liance. The blackened 
individual is feeble- 
minded. What is the 
probability that her 
brothers are heterozy- 
gous for this defect? 



In answering this question, it is first to be noted that, in order that 
any of their children might be homozygous recessives, both III-3 and 
■ keterozygotes. One must decide first, therefore, what 

their chances of being heterozygous are. Consider III-3 first. One of 
her brothers is recessive; hence, their parents (II-l and II-2) must both 
be heterozygous. Any normal child of II-l and II-2 has in consequence 
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two chances in three (a ^ j chance) oi bein^ heterozygous, as was just 
explained for feeble-niindedness in a similar situation. The prol)al)ilit v 
that III-3 is heterozygous is thus Turn m)w to It is known 

that his mother (1 1-3) is heterozygous for she had a recessive mother; 
no chance is involved in this feature of the family history. Her hus- 
band (11-4) we will assum(‘ is a hoim^zygous normal, because hisfamily 
history has been examine<l and no lelatives found to possess tlu' charac- 
ter in (luestion. With these parents, II-C, has therefore' a ' ^ chance of 
being heterozygous. 

Since 111-3 lias a chance of heins heterozygous anil 11 1-fi has a 
‘2 cliance of heins heterozyfrous, the chance that both of tliern are 
lieterozvKous is X ' 2 , or There is tlms one chance in three 

^lat both of the cousins contcniplat in^r inarriaKO are heterozygous 
Now, when hotli parents are heterozygous, any child of theirs has a 
n cdiance of exhibiting the recessive character. Inasmuch as the 
chance that both parents are heterozygous is i;j. the chance that any 
given child ot theirs will be recessive is ' X ' . 1 , or Kach child 

yiey produce has 1 chance in 12 of showing the undesi'rable qualitv. 

they have a tainily of 4, there are 1 chances in 12 that one (diild will 
bo recessive. 

1’ or drill, ^ the student is encouraged to determine what cliance a 
child ()t III-o and 111-7 would have of being recessive. To verify his 
solution, the answer may be given as 1 in 8. 

What weight is to be assigned to the ascertained chances in a specific 
situation IS necessarily left to those responsible for deciding. 

Modified Probabilities.— Sometimes the calculable chances are 

combined with ex ents that may not be raiulom or whose single probabil- 
ities can be determine.! only empirically. An important eugenic prob- 
lem ol this sort IS that raised by the rhesus factor of the bloo.l cells 
pages 208 and 218). This Rh factor exists in a number of allelic 
foims \x hich, m the aggregate, are foun.l in about 87 per cent of white 
... the United Stnte.t the „the, ,3 pet cent lik it dtti " 
hetr senolype tons rM,. X„,v, under theee eireuntsl.u.eek with' 
lan.lom marriages among the blood types, about 11 per cent of all 
c<.uples should consist of an Rh- woman (rhrh) and an Rh+ man 
Many ot tlie cih.ldren of such parents will, of course, be Rh + . Unfor- 
miate y, the blood of an Rh+ fetus may sometimes seep through the 
placenta to the mother's blood, which, if she is Rh-, at once begins 
to react by producing antibodies. These antibodies may then seep 
lack into the fcTal circulation where the Rh antigens are The anti 
bodies tend to destroy the red cells of the fetal blood, and the result is 



246 


HEREDITY 


anemia, jaundice, lowered oxygen supply, and frequently stillbirth. 
The pathological condition is known as er3dhroblastosis. 

If every Rh + fetus in an Rh - mother suffered this fate, certainly 
no Rh w Oman should marry an Rh+ man. Fortunately only about 
one-sixteenth of such fetuses actually develop erjdhroblastosis. The 
reasons for this lower frequency may be several. It takes some time 
for antibodies to develop in the mother, so that first-born children 
usually escape. Also, seepage of the Rh antigens may be slow, or 
pel haps not occur at all, in some women. Finallj'’, some of the return- 
ing antibodies ma^' produce other effects than erythroblastosis. 
INIention has already been made of the imexpectedly greater frequency 
of feeble-mindediiess in Rh-|- children of Rh- mothers (page 218). 
It has been suggested that the returning antibodies, perhaps through 

lowered oxygen supply, may affect the development of the brain and 
hence of normal mentality. 

1 he predictions that one could make regarding the dangers of mar- 
liages of Rh— women and RhH- men are thus not of the mathemati- 
cal SOI t \\ hich are possible when all the contributing factors are known. 

AA ith the possibility of feeble-mindedness, and even with the lower than 
expected frequency of erythroblastosis, an Rh — woman should at least 
know the Rh character of the man she marries. AVhether she should 

lefuse such a marriage probably only she and her prospective husband 
should decide. 

Public Policy. In all the preceding situations it has been assumed 
that the decisions regarding marriage or rearing families will be made 
by people who are capable of forming sound judgments. That assump- 
tion is not well founded when the undesirable character is one which 
affects the mentality and may not be well founded with respect to 
purely physical traits. A\ hat, if anything, is to be done when indi- 
vidual judgment is unreliable is a matter of public policy. Society 
as a whole must decide. The call for social control is especially 
obvious with respect to feeble-mindedness because the afflicted persons 
are not only incapable of sound judgment but are often particularly 
prolific. Such control may be warranted when the defect constitutes 
a heavy economic burden on the whole population and when individual 
lesponsibility is plainly not producing the desired result. It is worth 
while to examine these situations. 

The Public Burden. — Let us see how great a burden the more 
important human defects are. The best estimates of the frequenc3'' of 
feeble-mindedness for various regions, most of them in the United 
States, range from 1 in 294 to 1 in 138. In Indiana, 2.1 per cent of the 



El 'GEN ICS 


247 


population of 10 counties is said to be mentally deficient, d'hat the 
number is not decreasing is indicated by cases like the following. 
One feeble-minded woman hud 11 illegitimate children; one of her 
daughters, also feeble-minded, had S illegitimate children, 7 of them 
feeble-minded; and one of the.se 7 has had 4 illegitimate children. 
All told, the first of th(‘se .1 women had 50 din'ct descendants, .31 (jf 
them feeble-minded, 18 of them having been in institutions. ' Im„„- 
generations of the feeble-minded have been found in one institution at 
the same time, all living at state expense. ( )ne Iowa count v maintained 
one family as a dependent grou]) for 38 years, and in that time It) of 
their 1.5 children were born. 4'his county had on recoid 1720 depend- 
ents, of whom 424 were convicted of major criminal offen.ses. Of thi' 
220 who were given mental te.sts, 188 were found to be deficient 
I’ubhc agencies are actually helping to ineiea.se the burden they wen- 
created to bear. In the fnited States as a whole, according to an 
estimate by a lute House Conference, 2 per cent of the iiopiilation is 
definitely feeble-minded. It is estimated there are 0,0f)f),0f)0 in the 
1. lilted States who have been, are now, or will sometime be legallv 
committed as insane to state institutions. If epilepsy is as prevalent 
everywhere as in the states y here epileptics have been carefully 
estiniated, there are 1.50,000 of its victims, only ,,art of them in insti- 
tutions. One might add to these the paupers and petty criminals 

though many, perhaps most, of thc.se would fall also iii one of the 
previously mentioned classes. 

^^o are not at present considering those at the opposite end of the 

scale of human capacity, the leaders in eyery field— art science' 

hterature, religion goyeriiment, inyention, education, and business.’ 

Ihe policy under discussion relates only to the possibility of reducing 
the (let(‘cl ives. " " 

A Public Eugenics Program.-What is to be done to better the 
situation just des.-ribed? The answer to this question constitutes a 
major par o any eugenics program. The first feature of such a pro- 
gram should be re.scarch. The need of more accurate knowledge of the 
inode of inheritance of human characteristics, particularly thot which 
tlnou a burden on society, is a prime consideration. Xo public 
action can have the best results unless it is based on rather accurate 
knowleilge of the heredity involved. At the present time we have too 
httle or too inaccurate information about most of the defects whose 

hum ; regarding heredity and the means of guiding 

buman trends must be widespread. Experience in the United Statet 
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has shown that corrective movements, however laudable in their aims, 
do not succeed unless people in general feel that they are essential. 

To whatever extent the necessary knowledge and public under- 
standing are attained, to that extent legislative action may perhaps 
be instituted. Onlj’' the most grievous of the human defects have any 
chance of being controlled by law at present, largely because of the 
meagerness of public support. Such support should grow, however, 
and in time legal measures could have some effect. 

Human nature being what it is, the restriction of reproduction by 
those whose heredity is unsatisfactory is certain to be most complete 
if it does not rest on frequent decisions which must usuall 3 ^ be made 
under the stress of strong emotions. Also, restriction is not likely to 
occur so long as those making the decisions are incapable of forming 
sound judgments. To render the preventive action more certain, 
defective individuals, or those who run some risk of transmitting unde- 
sirable qualities, ma 3 ^ be sterilized. This opportunit 3 '' should be open 
to an 3 ^ one on a voluntaiy basis, and ma 3 ’' be provided by law for cer- 
tain others. 

The Sterilization Operation. — There is much common misunder- 
standing concerning the nature of sterilization. It leaves the sexual 
emotions unaltered, and reproductive processes remain with the excep- 
tion of the actual production of children. The operation is in no sense 
a ‘^mutilation.” In the male it consists of a severance of the duct 
which carries awa 3 ^ the sperm cells, which is a rather simple operation. 
In the female it involves severing the oviduct, and that requires opening 
the abdomen. In both sexes the gonads (testes and ovaries) remain, 
and in them are still produced the hormones that produce the sexual 
emotions and guide the sexual beha\nor. Sterilization has often been 
reported, by ph 3 ^sicians, to have a beneficial effect on the general 
physiolog 3 ^ and mental state of the person who has experienced it. 
The improved mental state might well stem from the absence of any 
fear that a defective family -will be produced. It seems likel 3 % there- 
fore, that a therapeutic advantage to the present generation must be 
added to the eugenic advantage of future generations, in assessing the 
value of sterilization. 

Legal Sterilization. — Official sterilization in the United States 
began, with the patient’s consent, in 1899. Indiana was the first 
state to adopt a law providing for compulsory sterilization under cer- 
tain conditions. That was in the year 1907. Thirty states, up to 
January 1, 1947, had sterilization laws on the books, the latest addition 
being Georgia in 1937. Two Canadian pro\dnces have made similar 
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provision. Tests of these laws in the courts have been ma<l(‘ and 
some of them have been nullified; but usiially modified laws 
enacted later. Home of the nullifications wer<* based on the constitu- 
tional bun on class legislation, in that only the inmates of institutions 
were made subject to the law. The SupreiiK' C'ourt of the Ihiited 
States has, however, declared tliis objection invalid. In the state 
where the largest number of sterilization operations have been pei’- 
formed (California) only inmates of inst it iit ion> ar(‘ affected. Anolla'r 
reason assigned for nullificatioti has been that the laws read as if the 
sterilized pt'rson were IxMiig punished; wlu'rc* tlu' law made clear tliat 
no punishment is invoh t'd, that sterilization aims only at impi‘o\'em('nt 
of heredity, it has bcM'U sustained. 

\\ hile California has perform(*d the largest number of sterilizations, 
Delaware has performed tlu' most in proportion to her poi)uiation! 
On the basis of al)solu1e numl)ei-s, tin- first five >tatc-s are California, 
\iiginia, Kansas, Alichigan, and .Mimu'sota; bas(‘d on percentages of 
their populati<)ns, the first five arc Ihdaware, California, Kansas, 
Oiegon, and \ irginia. Ih'obably a largi'r i)roportion (if operations 
than any of the above are piuformed in Hawaii, which has no law. 
In general, the laws are being observed, since operations were p(U'formed 
in 22 of the 30 states in 19-15. In 12 stat('s flu* operations ai-e ordered 
only for the feeble-minded an<l insane, in tlij-ee only for the feeble- 
mind(Hl, and in one (Arizona) only for the insane. 

Some time will hv. recpiiivd to demonstrate any improveunent as a 
result of sterilization, partly because' tlu* number of feeble-mimhal is 
mcreased by other factors, including mutation. Tlie reporleai decline 
m the frequency of feeble-mindedness in Semth Dakota from (H per 
hundred thousand m I91(i to 31 per hundred tlunisand in 1920 
though sometimes called a result of the sterilization program, must 
presumably be due to something else, at least in part. 

Elimination of Recessive Defects Not Possible.— Olqections to 
the sterilization program have sometimes been raised on the ground 
that defectives cannot be eliminated and that the reduction in their 
mirnbcu-s is too slow to be worth the effort. The first of these reasons 
IS well founded for any recessive character; only homozvgotes could 
be removed even by the most rigid scheme, leaving numerous hetero- 
zygotes by whom homozygotes would continue to be produced. The 
second reason has, however, sometimes been made to appear more 
significant than it is. If, for example, 1 per cent of any population is 
feeb e-mmded at the beginning of a corrective program in which all 
eeble-minded were to be sterilized, it would reciuire 22 generations to 
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reduce the feeble-minded to one-tenth of 1 per cent. Were that 

reduction spread evenly over the 22 generations, the improvement 

would he discouragingly slow. But it is not a uniform decline. In 

the first generation there should be a 17 per cent reduction, in the next 

geneiation 13 per cent more, and in the third generation an additional 
10 per cent. 

1 he above computations are based on the assumption that feeble- 
mindedness is strictly recessive. If it should show any fractional 
dominance, so that heterozygotes would sometimes be adjudged sub- 
ject to the law, the rate ot reduction would be correspondingly higher. 

Increasing the Superior, Reduction in the number of defectives, 

vhich is contemplated in most of the measures so far discussed and 

vhich may be called the negative part of the eugenics program, does 

not add an^dhing to the higher levels of human value. Though the 

aveiage is raised by eliminating the worst, the best is no better than 
it was lief ore. 


i\Iany measures have been proposed for preserving and if possible 
inci easing this superior class. The first problem is to recognize it, for 
superior people often spring from parents who by ordinar 3 ''standai’ds 
vere not in an}'' wa}- remarkable, and mediocre offspring often come 
from very gifted parents. Pearl points out that very few of the people 
V ho attained such eminence as to receive a page or more of biography 
in the Enc 3 ''clopaedia Rritannica had parents who were in any way 
distinguished. He states that if during the past 2000 or 3000 ^''ears 
breeding had been restricted to those who were eminent, 95 per cent 
of the great people who existed in that time would never have been 
born. Such criticisms merel}'' mean that we have not yet discovered 
the realh' applicable criteria of superiority. So long as human traits 
of different values are inherited, and people differ from one another in 
their genot\''pes, there are bound to be superior and inferior classes. 

hen superiorit}’' can be detected without too man}' errors, how 
shall it be increased? Deliberate control of matings by constituted 
authoritv is not possible in a democratic society, though it was once 
attempted through a voluntar}^ renunciation of individual rights. 

1 his attempt was made in the Oneida Community, which Avas founded 
in \ ermont in 1841 and moved to New York in 1848. The control 
referred to extended from 18G8 to 1879. During this period a group 
of jmung men and young Avomen placed themselves at the disposal of 
the founder of the community, to arrange AA'hatever marriages he 
deemed desirable. The control AA'as exercised part of the time by the 
leaders of the community, part of the time b}^ a special committee. 
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Couples desiring to marry made application to this central authority-, 

which rejected about 17 per cent of the applications. Other mairiages 

(about one-fourth of the wliole number) were arranged on the initiative 

of the committee. To these controlled unions tliere were born 58 

children. Ihey showed a better than a\'erage longevity; onlv two of 

them had any mental deficiency, and tiiese could have been attribute.! 

to injury. On the whole, tlnnr (jualities in.licate.l that the control 
had not been baillA' administered. 

Differential Birth Rate. In other coinrnuiiilie.s the clioice of mates 
must usually he voluntary, ami the problem of increasiiifr the superior 
classes resolves itself into a question of pro|,er birth rates. A centurv 
aKO the economically successful types, which may be rounhlv iihuitifieil 
with the supm-ior clas.ses, ha.l the larger families. ^I'here was little 
limitation ol tamihes then. The lamleil giuitrv of flreat Britain for 
example, then had families of 7. 1 children. Fiftv vears later, howe’ver 
tiu. average mtmber luul droppe.l to d. 1 per h-rtile marriage. All' 
other available stati.stics show .similar comparisons -a high bh'th rate 
lor the successful cla-sses, which fell over a p.aioil of de, aides to a' 
tnoderate or low rate. If all birth rates had fallen proportionateK- 
the decline would affect, only the iiopulation problem (see fhap 25) 
not the cnigenic situation. Hut the birth rate of the inferior classes 

remaineil high. Later a decline set in for the lower classes al.so, but so 
iur it luis not ecjualcd that for the ujjp(U' groups. 

ihere are minor r(‘\'ersal.s of the contrast between eiauiomic classes 
^alc p-aduates ot several cla.s.ses graduating in the nineties were 
graded by their colleagues as to their value to huinanitv, and it was 
found that those rated high had on the average larger families than 
ho.se 1 ated low. bimilar results were obtained from a study of Jlarvird 
graduates, and for those included in “Who’s Who in .\merica ” ('er 
tain colleges can even boast a birth rate among their graduates that is’ 
about as high as that of the population as a whole, or a rate among their 

paS" Wh lelr " it*' " those who tarelv 

pas.sed. W hile the.se differences are favorable ones, thev do not count 

heavily in the total birth rate, for all of them belong to a class that is 

not maintaining itself. They are favorable items in a much larger 
unfavorable situation. 

Net Reproductive Rate.-Offsetting or abetting the changes that 

l ave taken place in the birth rate of diff erent clas.seLre chamres in th 
expectation of life. Ihis extension of life, if it affected the different 
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classes unequally, as it has done, might upset all calculations based 
on relative birth rates alone. No startling modification of the con- 
clusions is necessary, however, when birth rates and death rates are 
balanced to obtain what may he called the net reproductive rate. 
C omputations of this net rate show that the professional, business, and 
clerical classes are not maintaining themselves, while labor and farmers 
arc more than holding their own. To what extent eugenics is involved 
in this contrast cannot be said without detailed explanation. There 
arc many families in the laboring and agricultural classes that are 
cugenically sound; yet there are enough low-grade families in them to 
reduce their average below that of, say, the professional classes. This 
statement makes unpleasant reading for some who cannot distinguish 
individuals from averages, hut eveiw comprehensive study which bears 
on the question indicates that it is correct. The low birth rate of the 
prolessional, business, and clerical classes is a phenomenon of major 


concern. 

Proposed Methods of Positive Eugenics. — To secure larger families 
from the classes with greater native ability, several concrete proposals 
have been made. It must be recognized that the more intelligent 
groups can never be induced to compete for numbers of children with 
the lower classes. If some increase in their families can be effected, 
however, that is a worth-while gain. Education is first of all necessary, 
because in the present state of popular information on the subject 
nothing more effective can be made to succeed. Education as to the 
needs of the race might in some families lead to voluntary effort to 
raise the birth rate; but the chief hope from education is that it will 
lead to democratic support for other steps. 

One suggested other step originated with Francis Galton, who 
proposed that promising young couples be provided good houses at 
low rentals. 


Another proposal is that the income of a family meeting certain 
requirements be increased at the birth of each child. To avoid pre- 
judicial treatment such increase would probably have to be borne, not 
by individual employers, but by the industry as a whole. The general 
effect of such a plan would probably be to lower the wages of single 
and childless workers, so that the total cost to the industry would be 
about the same. iVIissionaries of some churches receive such afamily 
allowance, and their families are considerably larger than those of other 
ministers of the same denominations. 

A system of loans to young couples (canceled in part on the birth 
of children) has been proposed, and even put into effect in the past in 
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certain countries; but unless the hereditary (nudities are taken into 
account this would scarcely be a eugenic procedure. 

The outlook for jnitting any of these plans into effect is not bright. 
Holmes in a thoughtful and con.servative appraisal of the jirospects of 
positive eugenics points out that peoi>le are not now interested in 
improving the hereditary (pialities of the human breed. The.v know 
little about heredity and have little ai>pr(wiat ion of the importance of 
lieieditary distinctions among men. To remove this ignorance and 
improve the understanding of what is at stake is the first task. 

PROBLEMS 

209. tVhy sla.ul.l parcnt.s, in , I, -ring the ri.sk of transmitting some obio,-- 
t.onable cl.arHctcr, .stmfy their own family hi.stories thoronghlv m addition to 

“(rr?*" " '“•^■■atnre wl.at i.s already known of the t,eredity of that 

wh^^r ” f""'' " of ing up 

while a tlir<‘e and a five have 1 chance in 18? ’ 

211 If in the family i.istory shosvn in Kifz. 13 | the man 1 1-2 hml e(,me from h 
nmily known to Imve melmled some memi.ers who e.xhihit<.d the recessive eh'irie 
or mchea ec by the black symbols, l.ow wouhi that fact aflee, ti.o Xanc.rtl"^ 
iII-3 and III-O would produce a child with the recessive character? 

212. if 111 1-ig. 134 11.2 bi a second marriaKe w(‘re to marrv HI A 

their first child have of showin, the recessive character p<:;:::s:::^" ;^iH:2 

213. What distinguishes the situations in whieli indbul.,..! n.n 

engeme (piestioms should s,.mee from tlm.se in which public regtdation i.^required? 

(IHeette pe^nsf sterilisation of 

216. Which of the proposed measures of “positive eugeides” do von think 
might improve hnm.an .p.ality, and which ones merely increase si.e of b ,3i.. 
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THE POPULATION PROBLEM 

While from a eugenic standpoint it is the quality of the human race 
which IS of prime importance, there are many respects in which its 
mere numbers are of considerable significance. The problems raised 
l)y growth, decline, or changing age distribution of a population are 
not only biological but, to an even greater extent, economic, political, 
and social. The population problem has been in a sense before the 
public ever since Malthus published his “Essay on Population” in 
1 798 ; in recent decades it has become a matter of serious concern. 

Growth of an organism typically follows a well-recognized curve. 
It rises slowly at first, but with increasing speed, since the absolute 
increase in size in any period tends to be always about the same 
percentage of the size in the preceding period. This is true only of 
the early grovdh. After attaining a maximum rate of increase, the 
organism grows more slowly. While it still gi-ows, the rate of growth 
ec ines. Finally the rate of increase reaches zero, and growth 
stops. The curve representing such growth is sigmoid in form, con- 
cave upward in the first part, concave dowmward later. 

Peail demonstrated a similar growth curve for a population of 
flies. A few flies were put into a bottle with suitable food, and were 
allowed to reproduce. Their offspring progi-essively became adult, 
and they too reproduced. A census of the population was taken every 
few days. When the experiment was finished, in a couple of months, 
he plotted the population against time, smoothed the irregularities 
by certain mathematical procedures, and obtained the curve shovm in 
Fig. 135. It is very similar to that of a growing animal. Presumably 
other populations w'^ould follow such a growdh curve if the conditions 
under w'hich they live w^ere determined by the population itself and the 
natural changes of things with which they are permanently associated. 
Rate of growdh could be modified by factors introduced irregularly 
from extraneous sources, but if these influences w^ere not too great, the 
expected sigmoid growth curve w'ould still be recognizable. 

Statistics of countries in which censuses had been taken over long 
enough periods were then examined, and Pearl believed they showed a 
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general confirmation of tlie conclusion that growth of populations 
follows m general the rules of growth of individuals. He could at the 
same time see tliat there were irregularities, some of which had obvious 
explanations. As demographic studies have advanced, the irregu- 
larities and theii- sources ha\ e i)ro\-ed numerous enough and serious 
enough to make the use of these long-time curves hazardous. Xover- 
theless, the principles at tlie bottom of such graphs are recognized as 

valid, and are often applied to shorter periods with considerable 
success. 

The valuo of siicli fractional curves as may he devised is that they 
may be projected into the future. It is i)ossihle to predict- always 



nrin , r i population are 

p imanly the birth rate, the death rate, the se.x ratio, and the age 

distiibution. 1 he extraneous and less predictable factors are such 
tilings as war and industrial and agricultural revolution. 

Population Growth~As an indication of the changes which 
lequue explanation and the bases on which prediction for the future 
may rest, it will be useful to record some of the facts of past g.ou dh 
populations. The population of the world in 1850 is estimated to have 

DulTTh't ^ By 1940 it had just about doubled, 

from ^ share of the earth’s people had dropped 

fiom about 01 per cent to 5,3 per cent. Europe’s share rose from 24 to 
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20 per cent, and North America’s rose from about 3.5 to nearly 9 per 
cent. Some of these figures belie popular notions. 

Foi the United States a statement covering a longer period ^WII 

be useful. From 1790 to 1820 the gain was nearly 150 per cent, and 

another such increase was realized by 1850. But in the 30 years 

from 1850 to 1880 the gain was only 116 per cent, from 1880 to 1910 

only 80 per cent, from 1910 to 1940 only 43 per cent. Of this last 

gain only about 9 per cent belongs to the decade of 1930 to 1940. 

1 opulation increase has slowed down very markedly over the century 
and a half. 



I’lO. 136. Population growth of selected countries. In interpreting populations, 
note the graded vertical spacing characteristic of semilogarithmic graphs. Curve 1, 
United States; 2, Japan; 3, France; 4, England and Wales. 

In western Europe the growth was slower. England and Wales 
slightly more than doubled from 1850 to 1940, and France increased 
only about 15 per cent in the same period (Fig. 136). Almost none 
of France’s increase has been realized since 1900. For Europe as a 
whole, the recent gains are more largely those of the southern and 
eastern countries. 

Japan had about 32 millions in 1870 and about 70 millions in 1940 
(Fig. 136). The pattern of growth, that is, the successive rates of 
increase, of Japan has been nearly the same as that of the western 
European countries, but has lagged behind the latter by, say, 30 
years; the rate of change in Japan from 1910 to 1940 was about the 
same as the British rate from 1880 to 1910. 
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India, one of the storm centers of population problems, lias had 

a more fluctuating increase than most countries. This irregularity 

arises from her periodic famines— famines so terrible that no amount 

ot po.ssible aid trom outside can iirevent the loss of millions of lives. 

M her first census m 1872, after allowance for errors and subsei|uent 

c langes of boundaries, India’s population was about 2o7 millions. In 

the first halt century after that she increased about 1!) per c(‘nt in 

the ne.xt 20 years about 27 per cent. 'I'his latter rate is very high 

as compared with other lands, and constitutes one of India'-^ great 

dangers - as well as one of the world’s great dangers. In.lia has had 

a strong government which provided relief; it will be of some concern 

to note whether, when India governs her.self, she pa.s.ses her famines 
With losses no Kmiter than in tho past. 

('Iiina’s liopulation growth has been the subject of many ominous 
conjecture.s 1 hey are realli- conjectures, for little is definitelv known 
le estimates tend toward what might be called i.otential population 
and the potentialities probably have not been, and will not be realized' 
Ihe reason for the lag behind the potentialities is the weakne.ss of 
the goxernment which cannot organize relief. t\ hile a strong govern- 
ment iiiight enable ('Inna to incroa.se the 10 to 1,5 per cent each decade 

iWueh predictions call for, it is not likely that she has done so in the 
pust . 


of Id, t . n ;r 1 the crude birth rate is the number 

t IS pel thousand of the liopulation year. This is often th,> 

.nl> measure readily available, hence it is often u.sed ; but it is not a 

\eiy good measure because it does not take into account the .sex ratio 

)i the age groups of the population. A measure that does take these 

of chihl-bearing age, say lo to 45 years. Either of these rates 
as recorded, ma,y be m error because of incomplete registrations and 

."v bii;™; 

1 hg birth rate has long shown a strong tendency to decline in most 
countricxs where records have been kept. This decline is of importance 
to the general economy, to war, and to such matters of n,.Kl r 

oxoopu™, ; ',r; "etiir 
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region the United States began to receive greatly increased numbers 
of immigrants after 1880. The birth rate of Russia, which is of more 
importance to the world, is not well enough known to include in the 
diagram, but almost certainly it was well above 40, even up to the time 
of the Second A\'orld War. In general the birth rates of the East are 
high, as those of the est were a number of decades ago. Whether 
the rates of Russia and the Orient will decline after the pattern of 
western Europe and North America is uncertain; but at least they are 



Fig. 137. — Tlie crude birth rate of selected countries in recent decades. Curve It 
Uumania; 2, Japan; 3, Italy; 4, Germany; 5, United States; 6, France. Each 10-jear 
value is the mean of a group of years. 

lagging behind in that decline, and population will increase much more 
in the East than in the West in the next few decades. 

A small increase in the birth rate in one year must not at once be 
assumed to be a reversal of this dovTiward trend. In the depression 
following 1930 there was an accentuated decline of the birth rate in 
the United States, culminating in 1933. Then in the following year 
the rate rose slightly. This change was probably only a shift of births 
from one time to another, not a change in the total number. Birth 
rates decline in hard times. Then as economic conditions improve 
a little, they rise. Births that might well have occurred in 1932 or 
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1933 were merely postponed. Tiius the depression would iiecount foj- 
both the low point of 1933 (making it lower) and the rise in 1931. 
The secular trend may not have changed at all. 

Differential Rates within a Population.— Some striking differences 
m the birth rates of trasses within the same population have long 
been known, ot the most easily observed of tluvse contiasts is 

the lower birth rate of cities as compared with that of rural areas. 
1 he comparison can l)e most signilicantly made by means of tlie n^placv- 
ment index, Whon the death rate by ag(‘s for a given class is known 
It IS possible to compute how high the birth rate must be just to main- 
tain that class in its present numbers. If the birth rate is just high 
enough to maintain it, the replacement index of that class is 1.00. 


Cilies over 100,000 


Cities )0,000- 100,000 



Cilies 2500-10,000 


Villages 


Forms 


I 13 S.-U<.„laccme..t indices of farm, village, and city populations in the Unite, I 

Statc.s in 1940 . 

With indices liigher titan 1,00, the class gains, or it contributes to 

other classes; with indices lower than 1,00, the class loses or must be 
recruited from others. 

The urban-rural contrast in the United States is illustrated in 
i'lg. 138. It should be noted that in the United .States census the 
luial class includes villages up to a population of 2500. In the diagram 
the larmers are separated from the villagers. Of all these communi- 
ties only the rural ones are keeping up their potential numbers; the 
Cl les are all falling behind, the larger ones more rapidlv than the 

^0 ‘r.; ^ replacement index 

of 0^65, San Francisco 0.55, both well below that of cities in general 
Since the farm population is not increasing, it is obvious that there 
IS a mo^-ement from farm to city. There are, of course, movements 
n both directions, which fluctuate with the economic state of the 
idtion. In depressions the movement from city to farm has increased • 
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ill booms it is diminished. But as a secular phenomenon, the net 
movement is toward the cities. It has been so for a long time as 
shown in Fig. 139. The number of people in agriculture has declined 
steadily. The diagi-am stops at 1930, but an extension to 1940 would 
•shoM- no important change. How the war affected it is only imperfectly 
known, but that effect would be only temporary. The decline in farm 
population has accompanied the mechanization of agriculture, the 
improvement of cultural practices (fertilizers, rotation, soil conserva- 
tion), and the creation of improved breeds, hj'brid corn, etc. 

Another differential within a population is that between the eco- 
nomic classes, also between racial classes, though the latter often can- 
not be separated from the former. One studv showed that in the 
I lilted States the number of births per thousand white wives of ages 
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1 u.. of and increase of urban population in the United States from 

to IJ.JO. {From Holmes, Human Genetics and Its Social Import.) 

15 to 45 was 90; but within this group the number was 115 for unskilled 
laboi, 100 for skilled and semiskilled labor, 80 for business, and 94 
foi the piofessional classes. The latter two were obviously losing to 
the others. Ihe same study showed 147 births per thousand wives in 
families on relief (in the depression of the 1930’s), 90 for self-supporting 
families with incomes not over S1500, 81 where the incomes were just 
under S2000, a further decline to 70 with incomes up to S3000, then a 
small rise to /8 as incomes rose above S5000. Discussion of the 
biological significance of these facts, aside from mere numbers, belongs 
to the chapter on eugenics. 

T-he racial difference mentioned above is, for the United States, 
chiefly that between Negro and white. The replacement index for the . 
nonA\hites is about 20 per cent above that of the whites; but within 
the nonwhite group there is the same difference between rural and 
urban, and between the poor and well to do, as among the whites. 
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Reasons for Decline of Birth Rate.- T!ip rural-urban (lilTerpnp(> 
in the size of families i.s largely of peonomie oiigin. On the farm 
children begin to help with the chores in parly childhood and with the 
major tasks in early youth. On mechanized farims mere strength is no 
longer an imiiortant reiiuirement. Children thus furnish a reliable 
source of inexpensive labor. There is the further advantage that, so 
tar as farm children will remain on the farm, their parents can train 
them in their tuture occuiiation at little expense. 

In cities there is no such advantage. ( hildren are of help only in 
household work, and aroiiml the yard where there are >-ards. d'hey 



are expensive to rear without any compensating economic gain 
1 arcnts cannot themselves train their children for the occupations they 
wilHollow m the cities. Children tie the parents more or less io the 
home 1 here are, moreover, gra.ies of success as individuals for which 
arnbitious people strive, and, in general, families are a haiulicap in 
aUaming such success. Add to these the desire for ease e^■en where 

"" 

It is important to note that the lowering of the birth n 
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mg rather than increasing. Every census in recent decades in the 
United States has shown that lowering. It is plain that the chief 
factor in the decline of the birth rate is voluntary restriction of families 
and increasing knowledge of means of effecting that result. 

War and the Birth Rate.— Wars have affected the birth rate dif- 
erently hen soldiers are away for long periods, the rate declines 
markedly. 1 his factor entered into the ratio of births to deaths in 
France in the hirst World War, as shown in Fig. 140. It is too early 
to say with certainty just what effect the Second World War had on 
the birth rate, particularly in the United States. Births in this country 
lave been delayed, and hastened, and no one can yet tell how the totals 
for a decade or more will be changed, if at all. Births rose rapidly soon 
after the attack on Pearl Harbor. One factor was the desire of young 
men to have some experience of marriage before entering military 
service, particularly since for some that would be their only such experi- 
ence. Moreover, at that time it was thought that a wife and child 
might prove to be a reason for exemption. The birth rate accordingly 
rose in 1942, reached a peak in 1943, then declined somewhat. There 
is as yet no information that would indicate a reversal, on account of 
the war, of the long-time downward trend of the birth rate. 

Death Rate. In a discussion of longevity in an earlier chapter it 

was pointed out that the expectation of life in the United States has 

risen rapidly in the present centuiy, and in 1946 was over 65 years. 

Most of the increase was attained by helping children through their 

early years; the number of people living past 70 is not so greatly 
changed. 


The measure of the death rate most often used is the crude rate, 
which means the number of deaths per thousand of the population per 
year. The weakness of this measure is its failure to take account of 
the ages of the people involved. A population made up largely of 
young people, as newly settled areas are apt to be, has a low crude 
death rate. Later as these same people become old, their crude death 
late rises. Ihere may be no change whatever in the biological factors 
that characteristically enter into the causes of death, it is merely the 
difference in age. Despite its defects, the crude rate is most often 
used because it is available where adjusted measures are not. 

This death rate differs greatly as between countries, but has some 
stability in each one. In the United States, for the 5-year period 
centering in 1940, the crude death rate was 10.6 per thousand on the 
average. Any increase or decrease of more than 1.0 in this figure 
would call for explanation, and any increase of 3.0 would cause alarm. 



THE POPVLATIOX PliOBLEM 


2(>3 

In China, on the contrary, a deatli rate of 40 «()uld occasion no com- 
ment. This high rate rt'sults from poor croi)s, epidemics, and tlte lack 
of any health program. The conntries of Jiurope have mostly e.xperi- 
enced declines in the death rate fora century, uitli temporary rmersals, 

and m Japan there was a marked decline in the last two decades hefore 
the war. 

Ihis 2t)-year decline in Japan had its counterpart in Russia. 

Roth of Riese countries made great strides in |)uhlic healtli work, once 

they decided to begin, because they were able to borrow the teehni(|ue 

iiom the estei’ii world. Russia, after this start, lowered her death 

rate as much m 20 years as Ihigland had in the whole nineteenth 

century. The Philippines, Jmlia, and the Dutch East Indies have 

similarly had the advantage of Western knowledge — sometimes with- 
ovit too iniich offort on th(*ir own 

One comment is needed concerning the death rate in countries 
where it is already low. Not much furth.'r improvement can bo 
expected there. The Unit..,! States is not likely to attain rates much 
below the eriKle rat.> of 10.0. At any rate, any further reduction can- 
not be an imi)ortaiit element in the growth of population. Such 
Rrowtli will have to coino from chariRcs in th(* birth rate*. 

War and the Growth of Population.--The effect of war on the birth 
i-ate has alreaily been disiais.sed. War has an eflVct also on the death 
rate. Roth of these direct effects are projected into the future, since 
he people who died and those who wore not horn do not leave descend- 
ants m the iiext several generations. Probably such losses are never 
actually made up. but the sijrns of them diminish. 

user?''' “‘r principle Germany may be 

Firsts m u tl'at cmintry, because of the 

hirst ^\orld War. may be .set at roughly 10 millions. Less than one- 

hfth of this came from military deaths. Approximately a quarter of 

t was the number oi babies that wouhl have been born but for interrup- 

l.irR? ciuarter, or more, uas the reduction in the 

irth late during the war for families not broken up. The remainder 

which was greater than any of the three items just named, was the 

e?r Itlt’r r"' ' 't generation because 

their potential parents were not born during the war. The.se are 

orwldclDhr'^ f computations, but the assumptions 

. t i e ? m ^t e iT -^"thods 

w4r of 20 1 ' Russia experienced a deficit from the First World 

ar of 20 millions within 5 years after her withdrawal from that war 

and has a prospective deficit of 50 millions or more fromThat soui" e 
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b> 1970. It is too early to make similar computations of population 
losses m these countries resulting from the Second World wj. 

in thp°iit States, inth little or no reduction of the birth rate 

not more-^by ’l 99o"^ ^ ^ millions- 

r•ltc^“imo^^e^l^^°^■~T^''"'' projections of birth rates and death 

bfen so fir in ■'"‘i ^ “^^h larger scale than has 

Jcen so fai indicated. Such forecasts are useful in determining 

industrial and public policy, as ivell as world politics. They are based 

ch^nLs 1 , f ; T P>'<»P<!eta. and on the c.lonl.ble 

cnanges in age distribution. 

for tTZJ that concern the world are those calling 

01 an incease m the population of Russia of 40 per cent from 1945 

limn ’ «nlv 18 per cent in the United States in the 

Ind wT‘° ’ T ta^^ous loss of nearly 10 per cent in England 

and ales and a somewhat greater loss in France 

•ire ul'; little, or even lose population, 

aie those which already have consiilerable control over both birth and 

Onelt ? ^'^'ted States, Canada (e.xcept 

Quebec), most ol western Europe, Australia, and New Zealand. 

Ihese countries had their rapid growth earlier, before they acquired 

^le mentioned controls. Countries that have le.ss control over the 

cleath late and still less over the birth rate, vdll increase moderately. 

hlost of the statccs of southern Europe, Russia, Japan, and the most 

advanced South American countries (Brazil, Argentina, Uruguay) are 

IS giciup. leie -vital controls are slight or wanting, increase 

of population IS likely to be considerable, but erratic. India, China, 

e as nc les, and some South American countries are in this 
category. 

puking such predictions, there is, of course, risk that rates 

will not remain at their present levels, or will not change in the 

expected ways. To show how differently future populations might 

turn out if the assumed rates differed, the population of the United 

btates has been computed on different bases. In Fig. 141 are given 

lour projections into the future, on different assumptions regarding 

ir an eath lates. 4 he two middle curves have been supported 

by statisticians; few think that the top or bottom trend is likely to be 
realized. 

Gieat increases of population in areas already overcrowded are a 
souice of unrest. Trouble is likely to arise eventually wherever the 
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actual increase is more than one-third of the maximum of which a 

people is physiologically capable. Hestriction of mimhors to tliat 

level would be a boon to all. A people is not likely to be thrown into 

turmoil by its hard lot so long as it has known nothing better. But 

with a start of industrialization, and a taste of l>etter living, peoples 

become acutely aware of their status. The gnait need is aecc'ptance of 

control of birth rat(‘s in the crowthnl count ri<'s, as it has already been 

accepted elsewhen'. That .^tep is not lik(‘ly to be taken soon by 

India or ( hina, and not tully or not at once in .japan oi' the Balkans. 

Mucli human mistay will doubt los result from their ndusal or 
negligcaice. 



^eal Distribution.— In connoftion \\-ith tlic greater birth rate in 
uiral than in urban populations, attention was called to the implied 
migration from larm to city. C'oiiiitries differ greatly in the extent 
to which this migration ha.s already occurred. The indastrial revolu- 
tion, whenever it comes, is a stimulus to such movement. That 
revolution began in the United States before 1880. At the first census 
m 1790, allowing for the distorted definitions of rural, probably 20 
per cent of the people were off the farm. In 1940, only 23 per cent 
were left on it (Fig. 142). The rate of change between those dates 
depended on (1) improved methods of agriculture which released some 
people to other pursuits, (2) means of transporting farm products to 
the urban centers, and (3) the exhaustion of the supply of free land for 
settlement. Growth of large cities was facilitated by development of 
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steam power, since it was easier to expand a manufacturing business 
by additions than by building new plants elsewhere. It is possible 
that an opposite movement, that is, decentralization or the dispersal 
of metropolitan groups into smaller ones may follow the greater use of 
electricity or of internal-combustion engines, since the power is more 
easily transported. Fear of atomic bombs of enemies could easily be 
another incentive to decentralization. 


1920 


1940 


Fig. 142. 



Over 500,000 

100.000- 500,000 

25.000- 100,000 

2,500-25,000 


Villages 


Farms 


PercentaKcs of population of the United States living in communities of 

different sizes in 1920 and 1940. 


Age Distribution. Ihc numbers of people of different age groups 
in a population are important in gauging the probable size of the popu- 
lation as a whole at any particular future time, because reproduction 
occuis only within a certain age range. From the number of people 
of ages 25 to 30 at the present time, and the knowm death rate at these 
ages, one can predict the number 15 years later of people of ages 40 
to 45. Also, one may predict the number of children who \rill be born 
to this group at any period, if it be assumed that birth rates remain the 
same. Any pulse given to the population at a given period tends to 
flow through the subsequent age groups as the population grows older. 

As noted in earlier sections, the birth rate has long been declining 
in the United States. AYhen this lowering finally began to result in 
absolutely fewer births, the number of children up to 5 years of age 
was actually smaller than the number from 5 to 10 years. Figure 143 
shows the age distribution in 1930. The short bottom band shows the 
reduction in the actual number of births. 

Any population in which birth and death rates tend to fluctuate 
from year to year would have an irregular age distribution, like that 
in Fig. 143. If, however, rates remain the same long enough for all 
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the members of the population to live their lives out, the age distribu- 
tion becomes stabilized, and there is a regular decline in the size of the 
age groups from youngest to oldest. In such a population birth and 
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Fio. 143. Fig. 144. 

Fig. 143. - Ape di.'sti ibutioii of tlio population of the Unitod States in 1030, showing 
the result of tlie doelining hirtli rate. Left si<le of diagram males, right females. 
{From Burch in Journal of Heredity.) 

Fig. 144. — Age distrilnition in a stationars- population, with birth and death rates 
ron.staut and equal. {Frofn Burch in Journal of lltndity.) 

death rates are actually indicative of poi)ulation growth. The replace- 
ment index (page 259) has then no advantage over birth and death 
rates. If the birth rate exactly equals the death rate, the poj)ulation 
being stationary, the age groups settle down to a regular relation to 



Fig. 145.— Porcent.'igc of population of tho United States in the various age groups from 

1880 projected to 1080. 

one another as in Fig. 144. T.he ba.se of such a beehive diagram is 
narrow, as compared ^^■ith that of a groudng population. A stationary 
population contains a greater proportion of old people than does a 
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growing one, and one which is growing slowdy has more old people than 
one which is growing rapidly. 

The change in age distribution in the United States, resulting from 

its slowing down in growth and from its change in immigration policy 

is shown in Fig. 145. The middle age classes have not changed, and 

piesumably will not change, very markedly in the century represented. 

But the two youngest groups have become distinctly smaller, and the 

tw o oldest ver3'' plainly'' larger. Alost of the Avorld has been accustomed 

to a relatively young population, so this change is something to which 

it must adjust itself. The reason for this aging is simply that birth 

1 ates and death rates have declined. Fewer babies are bornj fewer 

aged die. The factors leading to these changes have already been 
discussed. 

Adjustments to Aging Population. — School authorities need to 
look forward to the demands for schools and teachers as the pulse 
started b3'' the war-stimulated rise in the birth rate moves through 
the population ages. Flcmentar3'' schools will be the first to be over- 
loaded, then the secondaiy schools, then presumably the colleges — 
though it is uncertain how far the percentage of those seeking educa- 
tion w'ill keep up be3mnd the compulsory years. Fortunately the 
birth record is alwa3''s knowm, and school systems will have a few years 
to get read3^ Less fortunate are the manufacturers of layettes and 
bab3^ carriages, who ma3'^ have to convert rapidly to either accelerated 
or retarded vschedules. The makers of toys and children’s clothing 
have on the average as much warning as the schools. Added supplies 
of 3’'outh’s outfits should come later, and so on. They need also to 
watch for a subsequent decline. It is not 3^et clear Avhat the trend of 
the birth rate is to be. The estimated births in 1946 w'ere at an all- 
time high in absolute numbers (3,260,000), but the rate (23.3 per 
thousand) is still below' the peak of 24.3 per thousand in 1921. The 
secular trend has been downward, and it remains to be seen whether 
that trend is to be resumed. 

The great increase in the numbers of elderly people creates problems 
of emplo3nnent and old-age benefits. Heretofore men over 45 have 
found it hard to obtain emplo3^ment in new lines; if they changed jobs 
they found emplo3’'ers looking for yoimger men. AVhen the number of 
people over 45 increases, this problem becomes more acute. It w^ould 
seem desirable that employment suitable for the middle-aged and 
elderly be arranged, perhaps through reclassification of tasks. Less 
easily solved, probably, is the problem of old-age security pa3'ments. 
4'‘he increase of the aged la3'’s a greater burden on those w’ho pay. It 
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may prove economically preferable to extend the working period to 
later years than has been customaiy, reserving the less onerous jobs 
for the elderly holdovers. 

Quality versus Quantity.— In this chapter the emphasis has been 
put upon numbers of people rather than on their values. This is 
because population prol)lems concern themselves wath numbers. The 
discussion could projjerly have included (luality as well as tpuintity; 
but it would have suffered a loss of unity. Tlie student of heredity is 
moie inteiested in e\'aluating human beings than in counting them. 
For this reason assessing of values is separated out and included in the 
chaj)ters on eugenics and race an<l immigration, 

PROBLEMS 

218. Whnt factors do you think iniKht explain tlio form of the growth curves of 
organisms or i>op»i!:itions. particularly the reversal of its curvatun*— that is, the 
change from an increasing rate of growtli to a decreasing rate? 

219. How do you think the great indust ri:dization of th<‘ I'nited States begin- 
ning, say, in the 1870’s, should have affected the form of the curve of nonjilatioji 
growth? Whv? 

220. What do you conceive to be the gnaitest obstacle to the solution of the 
population j)roblem ui India? 

221. What is the best measure of the birth rate? Why are other measures 
misleading? 

222. What is the best measure of the growth of a jjopulation or of anv group 
within a population? \\ hy? 

223. Why should the effect of the Second World War on the birth rate in the 

United States have been different from that in otlier countries at war, and from 
that of other wars? 

224. How do the crude birth and death rates of newly settled countries or 

areas differ from older ones, and whv? 

• ♦ 

226. In what ways does war reduce the population of a <-ountrv? 

226. Wliat questions of policy would you wish answered if you undertook to 
predict the population of a given country at some future date? 



CHAPTER 26 

RACE AND IMMIGRATION 

A race is a group of people having many characters largely in com- 
mon because of common descent. The real basis of judgment of race 
is the possession of like genes. Not all the genes are common to all 
membeis of a race, for there are individual differences Avithin races just 
as within species. It is not necessary, indeed, that all individuals 
have any one gene in common. The characters which distinguish 
races are all multiple-gene characters, so that one gene in one indi- 
\ idual could be different from the homologous gene of every other 
individual, ^\^thout so altering him that he Avould not be recognized as 
belonging to the same race. Each locus could have a gene which in 
one individual differed from its homologues in all the rest of the popu- 
lation, without destroying the general similarity which characterizes 
1 aces. All that need be true is that most members of a race have most 
of their genes in common. T-his flexible requirement allows a ^Wder 
lange of variation in some races than in others, and such differences 
actually exist. A race is not a fixed group, and the word race does not 
cvei'yu here apply to comparable assemblages. Such flexibility of the 
term may not be desirable, but it cannot be helped. 

The only likely way in which thousands or millions of individuals 
may come to possess genes in common is by inheriting them from the 
same ancestry. It is conceivable that genes derived from different 
ancestries might come to be alike through convergent mutation. It is 
also conceivable that enough genes from different sources might mutate 
in this convergent fashion to build up two unrelated groups of great 
similarity. AVhether two such groups would be regarded as belonging 
to the same race, if their separate origins were kno^^'n, is a question that 
geneticists have not had to answer, though taxonomists have sometimes 
thought they were faced A^th that situation in sp)ecies. Because the 
amount of convergent mutation necessary to make two unrelated 
groups look like the same race is so exceedingly improbable, the 
stipulation in the definition of race that the likenesses must be due to 
common descent is justifiable. 

Nonracial Characters. — A common error concerning race is to 
confuse it AA^ith language, or nation, or cA'^en religion. People living 
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together learn to speak the same language, n^gardless of their genes or 
<tescent. they also li^•e under the same selieme of goveinment merely 
because they are neif^l.hors, Xeifrlibors teiul to adoj)! tlie same cus- 
toms and to respi'ct the same traditions, witiioiit I'cference to remot(! 
ancestry. And so, there is no Anfilo-Saxon race. Those wlio u.s(! 
that expression may lia\e the coirect concept of race in mind but are 
mistaken in applying the term to a particular }r,oup. The people they 
call Anulo-.Saxon have a certain sja'ceh, a body of traditions, and a 
Kioup oi custom.s in common ; but raci:dl>- t hev ai (' \-ery mixed There 

is no French race, for the inhabitants of Fraiu'c li.ave deVived their genes 
Iroin three somewhat distinet souic(*s. 

Racial Classification.— Mankind falls into tluee groups, with 
several minor ones which elude simple elassification. The three large 
groups are the Xegroid, the Mongoloid, ami the Caucasian races, 
‘.ach lias its subdivisions. In tlie Xegroid group are the African 
Negroes, the Oceanic Xegroes, and the Xegritos or Dwarf IJlacks. 

C losely related to the last of these arc tlie Irishmen of South .Vfrica In 
the Mongoloid group are the Asiatic Mongoloids, the Oceanic Mongol- 
oids ami the American Indians. Allied to the Oceanic Mongoloids 
;u-e also Polynesians. The C\iu(;asian race is composed of the Nordic 

Alpine, and Mediterranean races, with the Hindus similar to the 
IMediterranean. 

Among the minor races not easily placed in any of the major 
a.ssemblagos are (1) the Ainu of Japan, vith hamings to the Caucasian 
type, (2) tile Australian aborigines who arc maircr the African Xegroes 

the Hindu"'* ludo-.Vustralians who approach 

'Ihe cyssification of races goes farther than this and is extended 
ater m this chapter; but tlie main features here indicated will furnish 
he orientation needed for a fir.st discussion of race problems 

Characters Distinguishing Races.— Anthropologists have always 

placed empha.sis on stature as a racial mark, though it is subject to 

much fluctuation, partly environmental, within each race. Since few 

races ha^'e an average stature of less than about GO inches, and none 

a mean of ox'cr 70 inches, it is clear that there is a great deal of 
overlapping. 

The cephalic index, or ratio of width to length of the skull (Fie 1401 
IS also veiy extensively used. It has the fault of responding somewhat 

e^'ol conditions. In a homogeneous environment, how- 

tv ei, head shape is a veiy seiwiceable racial mark 

The nasal index, or iHdth of the nose in relation to its length, is 
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likewise racial. Jii the Xegroid races that ratio is very high. Prog- 
nathism. or the protrusion of the jaw in front, is another trait the 
antluaipologists employ. 

Chanial capacity varies considerably. For the w'hite race as a 
whole, th(‘ average capacity is between 1450 and 1500 cc. in males 
about 10 per cent less in females. European males have a mean 
iietween 1500 and KiOO ce., American Indians between 1400 and 1500 
cc.. and Bushmen between 1300 and 1400 cc. 

'I'exture or shape of the hair is important. As indicated earlier 
(page 195j, this shape is due to the form of the hair in cross section. 



I'kj. 14(). 


Skull as a racial chaia<-tcr: left to liKht, narrow, medium, and r 

{from \\ <ir<i a .\ali/r<il Scirnce 


ound 


1 lu^ woolly hair of tlu^ Xegro is considtnably flattened, the straight hair 
oi Mongoloids circidar, and the wavy hair of Ckiucasians intermediate. 

Hairiness is especially useful in some situations. The variation 

Ixdween races chiefly relates to the beard and body hair. Caucasians 

are usually epute hairy, while Mongoloids and X'egroids are relatively 

smooth. 1 he Ainu are separated racially from the Japanese largely 

because of their hairiness. Likewise the Australian aborigines are 

considered a different race from the Xegroid chiefly because the}' are 
hairier. 

Hair color and eye color are useful because they are almost free 
from nongenetic modification. Black hair and eyes are the rule out- 
side the Caucasians but Avithin this race the color has many gradations. 

Miscellaneous Race Distinctions. — In addition to the easily 
observed characters which anthropologists use, a number of other dif- 
ferences between certain races have been observed. The blood groups 
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are differently distributed. i\Iost American Indians are of group O, 
possessing neitlier agglutinogen A nor H (page 158). The proportions 
of A and H in other nationaliti(.‘.s vary from wt^st to east in tlie Old 
World, A being prevalent in Kurope, while 1^ gains to tlie eastward 
(Fig. 147). Tlu'se proportions lU'ed not indicat(' kinshi]) in all cases 
of similarity, however, sinc(' tlu‘ agglutinogens may ha\'e aris(‘n more 
than once as parallel mutations (pagt' 185) in diHVrent rac(‘S. 

Rasal metabolism was lound to be* r>.5 p(*r cent higlu*r in ]\Iayan 
men in Yucatan than in (’aucasians, in soutli Indian women 17.4 per 



Fio. 147.— Diaerain showuiK the increa.se of atfuIutinoKc-n H of human hlood from 
\ye.st to east in hurope ami .Vsia, and the decrease of aKKlutino^en in the .same direc- 

Blood Grou ping in Rclntion to Legal and Clirncal Medicine. ]\ illiam8 

and n iiKinfi Co.) 

cent lower than in white women, and in Australian ahorijrines 14 to 
Ih per cent below Caucasians (Benedict 1982). If these dift'eronces 
stood alone, they might be attributed to climate and food; Imt Ameri- 
can-born pure-blooded Chinese girls in Boston had a metabolism 9 

per cent below that of American white girls, and here climate was 
identical and food not very different. 

Sweat glands are more abundant in Negroes than in whites, at any 
place on the body, though their relative distribution is the same in botli. 

These various distinctions would not aid an anthropologist greatly 
m diagnosing races, but they all help to illustrate that races are 
distinguished by hereditary characters, that is, liy genes. 
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Three White Races.— Because the civilized peoples are prevalently 
t aucasian aiul America is mainly European, three of the subdivisions 
of the white race figure extensively in the topics further developed in 
this chapter. 1 he Alpines (Fig. 148) have a round face and wide 
skull, moderately dark hair and eyes, and a stocky build. They are 
found chiefly in the divisions of old Ru-ssia, in the Balkan states, 
Switzerland, Bavaria, Austria, northern Italy, and central France. 

1 ho Mediterraneans have a slight build, narrow skull, and dark or 
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I'ici. 148. — Alpine woman from 
Lapland. (From in Eugen- 

ics in Ha.ce and State, lUiains and 
Wilkins Co.) 



Fig. 149. — Mediterranean type 
from south Ital.w {From Dixon, 
Hacial History of Mankind. Charles 
Scribner's Sons.) 


swarthy complexion (Tig. 149). They are in Portugal, Spain, southern 
Italy, Sicily, and north Africa, and less extensively the British Isles 
and littoral regions of the Balkan peninsula. The Nordics (Fig. 150) 
aie tall and fair, w ith light hair and eyes, narrow skull, hairy body, and 
a domineering disposition. They are collected largely around the 
Baltic Sea in Scandinavia, Germany, the Netherlands, and the British 
Isles, but have some representation at many other places. 

1 hese definitions must not be interpreted to mean that pure races 
exhibiting the characters named exist in the regions indicated or any- 
where else. They represent idealized races and doubtless more 
accurately the conditions of the ancestors of the present-day groups. 
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Much mixture between them has oeeurred so that no white race is now 
pure. The nearest approaches to purity ami adherence to “original “ 
type in the white race are found in lSwed(Mi (Xordic) and Sicily 
(Mediterranean ). 

Mentality of Races. — Races undoubtedly differ in their mental 
qualities just as they dithu- physically, in view of the way in wluch 
genetic differences between groups arise, it is inconceivable that genes 
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The Nordic type. (From .\fj4}en in Eugenics in Race and Stale, 

and Wilkins Co.) 


W Uliami* 


affecting mentality and cultural capacities shouUl have escaped the 
evolutionary processes that other genes have experienced. When, 
however, an attempt is made to assess these difl'erences, it is glaringly 
apparent that no reliable measure exists. Very probably some races 
are more inventive than others; but no test of this property excludes 
opportunity and relates only to genes. It is highly likely that some 
races are more musical than others, and that in musical races some arc 
more gifted in composition, others in vocal or instrumental perform- 
ance; yet no test so far devised excludes the influence of the economic 
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status of musicians, and depends solely on their genotypes. It is 
even more true of art that no suitable test of ability exists, for what 
passes for art in the minds of some is sheer monstrosity to othei’s. 
The esteem in which a piece of art null be held many generations hence 
is still its safest measure, and if any eugenic policy were involved that 
would be a long time to wait. 


1 he lack of any suitable measure is particularly evident when 
claims of the “superiority” or “inferiority” of any race are made. In 
such claims, some one has to decide how to balance, let us say, literary 
ability against artistic, scientific bent against philosophy. Races 
unquestionably differ in such matters, and perhaps at any particular 
time and place one type of ability Avould work out more advantageously 
than another. But such needs change more rapidly than races can 
change, so that even if “good” and “bad” could be correctly deter- 
mined at anj'’ moment the judgment would not long remain correct. 
A still more serious fault of such decisions, however, lies in the plain 
fact that people who have made them in the past have expected to 
benefit economically from them. One can scarcely avoid the conclusion 
that estimates of racial worth are simply rationalization; some one is 
to brand as true that which he wishes were true, and acceptance 
of which as true would for the moment benefit him. 


Race Hybridization. — One practical problem around which ques- 
tions of comparative racial A'alues tend to revolve is that of the 
desirability or undesirability of race crossing. A popular conclusion 
has been that hybrids between races are apt to sink to the level of the 
inferior race or to be worse than either of them. With respect to 
characters determined by environment, that conclusion is often justi- 
fied, particularly in regions where miscegenation is regarded with dis- 
favor. In such regions hybrids are social outcasts, and their status 
may tend to unsettle them. Hybrids may also be inferior for genetic 
reasons, because where race mixture is taboo it is chiefly the inferior 
individuals of either race who vill indulge in it. In the latter situation 
the offspring may not be inferior to the children that would have been 


produced by the same parents had each one married a similar person 
within his own race. 


Where miscegenation is not fronmed upon, as is true in most of 
South America, the value of race hybrids may be estimated on purely 
biological grounds. In size, color, and some other characters, the 
hybrids tend to be intermediate, as was found by Davenport and 
Steggerda to be true of the brown people of Jamaica. If one race is 
sTiperior to the other, an intermediate hybrid is inferior to one parent, 
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hut an improvoinent upon the* other. To the laee as a whole, there is 
no detriment in this relation. 

'Fhe prinei])al hiolojrieal disadvantajic* that may come* from race* 
mixtures is the* pi’oduction of disharmonit)ns (•(nnl)i]iations. A'o what 
<'xtent disharmonies (‘xist is \ineertajn. A fa\'orite allejz;(*d example* is 
tile combination of t(‘eth and jaws of different siz(‘S from different 
ruc(*s. Within (‘aeli race* ^I'owth of one pait is )>ro])er]y adjusted, it is 
said, to that of the* otlier, ainl w'e'll-foi'ined rows of soiiinl t(‘eth are 
usual in ])ur(‘l)i(‘d races. In the hyl)iid. how(‘\‘er, with ijHl(‘p(‘nd(*nt 
inheritance* eif size* ejf jaw' and size* of te*e‘th, small 1e*(*th may he set in 
a large jaw with ce)nse‘ejue*nt sj>ae*ing. or large* t(‘e‘1 h in a small jaw result- 
ing in elisteirte’d rows e)f tee*lh. d'he're* are* numerous e‘xampi(‘S e>f sue*h 
misfits in tlie* t re‘ine*nde)usly h> l>rielize*d Anu'rican ))e)j>ula1 ie)n, and the'ir 
e*xplanat ie>n may he* as simple* as just stale-d. I )a\-enpe)i't adlieres to 
this view, hut C’astle* he*lie'\'(‘s tliat e'onspicuenis elisharmonies ai’c 
une*omme>n if the e-rosseel rae*e*s are- not toe) di.-simihir. 

ddie neirmal re'sult of fre'e* inte*rcrossing is the* disaj)pe‘arance of racial 
elistinctif^ns. With any te*nde*ne*y to a\'oid crossing even w'hen the 
races inte'rmingle*, a con>ide*rahle* de'gre*e e)f se*paration may he* main- 
taineel. ^^ith re'sj)(‘ct te) the Ne*gre) anei white* rae'(*s in the I’nited 
States, IIolm(‘s points e)ut that misce'ge'iiat ion is le*ss fre'(pie*nt tlian 
leirmerlv anel that te*rtility e)l tlie* mulatloe*^ is re'lati\’ely low; h(*ne‘e‘, 
the twe) ra(*(‘s are* neit like'ly te) me*rge. 

d he antagonisms that. se>me*time's (*xist he'twe*en unlike races are 
prohahly neit ehie* te) any e)t the'ir hie)logical e*haracte‘ristie*s. hut te) their 
seicial rt'lat ions. 

Racial Composition of United States. — Ahe)ut 0 j)(*r cent e>f the 
people of the* United Statess are Xegre)e's. Tlie largest other mine)rity 
racial grouj) is the American Jnelians, of whom there* are fewer than 
halt a millie>n. though the* numh(*r is gre)wing. There are smaller 
luimhers of e)rientals t.Ja])an(‘se, (’liinese, Filipinos). 

The remaineler of the i>e)i)ulalion h(*!ongs te) the various di\'isions 
e>f the white race, greatly mixeel. There is no accurate information 
as to the distril)utie)n of these whites among the idealized branches of 
the white race, hut there is an estimate of the numbers derived from 
the several nations from w'hom immigrants have been received. This 
estimate was based on the 1920 census and other data, was made by a 
committee of the President’s Cabinet, and was publishetl in 1928. It 
took into account the numbers from various countries who w'ere in 
America in 1790 (the colonial stock), the numbers which have immi- 
grated since then, and the numbers of descemlants which each of these 
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national groups had presumably produced by 1920. Because the immi- 
pation policy, to be discussed later, was based on this distribution, it 
IS worth while to present the results. The follondng table shows the 
proportion of the population contributed by each nation that was 
responsible for at least 1 per cent of the total. 


Apportioxaient of White 


Population of the United States in 1920 , 
Country of Origin 
(000 Omitted) 


BY 


Country of origin 


Great Britain and Ireland. . 

Germany 

Irish Free State 

Canada 

Poland 

Italy 

Sweden 

Netherlands 

France 

Czechoslovakia 

Russia (in Europe and Asia) 

Norway 

Mexico 

Switzerland 


Colonial 

stock 

Post- 

colonial 

stock 

Percent- 
age of 
total 

31,804 

7,412 

41.4 

3,037 

12,452 

16.3 

1,822 

8,832 

11.2 

646 

3,391 

4.3 

9 

3,884 

4.1 


3,462 

3.6 

217 

1.760 

2.1 

1,367 

515 

2.0 

737 

1,075 

1.9 

55 

1,660 

1.8 

4 

1,657 

1.8 

75 

1.343 

1.5 

294 

832 

1.2 

389 

630 

1.1 


Fertility of Component Races in United States. — In computing the 
probable future racial complexion of the United States, the fertility 
of the several racial types is of interest. The Negroes, as the largest 
group of nonwhites, claim first attention. According to Pearl the 
inherent fertility of white and Negro women is about the same, mthin 
limits of probable error (see Appendix for significance of probable 
error). Contraception, however, is more effective as practiced by 
whites than among Negroes. There is accordingly a higher birth rate 
among the Negroes (18.79 per thousand as against 17.15 per thousand 
in the whites) in a group of cities. Greater wastage in Negroes, partly 
due to greater prevalence of venereal disease, compensates the higher 
birth rate, leaving the rate of increase about the same in the two races. 

The rate of increase of immigrant stocks is always higher in their early 
years in America than that of the native population. But tliis rate 
has always decreased later. The children of the immigrants, if not 
the foreign born themselves, have adopted the American family 
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pattern, congregation in citic's has had tlie same' elTect on them that it 
has on American farmers, and tlie birth rate has lapidly d(‘clin(‘d. It 
seems unlikely that the immigrant stock will continue long to gain on 
the native stock. 

Course of Immigration. — 'I'la* for(*going considc rat ions of immigra- 
tion relate only to numfxM’s. Nothing has Ix'cn said about cpiality, but 
many Americans hav(' b(‘li(‘\-ed that (|uality is iiwoh-ed. \\’h{‘ther or 
not they an' correct (U'pc'iids on uiu'ciual \ ahi('s of th(‘ racial types that 
have come in, bet us see how those' ty]>es have* ^'aried. I mmignition 
prior to 1820 was lU'gligible. In that ye'ar a litth' ov(‘r 8,000 immi- 
grants came, d'here'afte'r tlu' numlx'r fluctuat(‘d, de'peuding partly on 
])olitical conditions in kairope but more* on economic conditions in tlie 
Unit('d States. The first peak was rc'ache'd in the.' early 1850's, then 
the nvunber h'll until afte'r the Amf'rican Civil War. Immigration rose 
again in the^*arly 1870’s but dro[)p(‘d with tlu' depression following 
the panic of 1878. Industi-ialization was by that time in full swing 
and immigration rose sharply in the ISSO’s but once more declined 
during the depression years around 1808. 'bhe' all-timc' high was in 
1907, when b2.")0.000 immigrants entere'd this country, d'he averages 
was maintained at 1,000,000 a ;>'ear until 1911, wlu'u it drop])ed greatly 
during the First World ar. After that war immigration started up 
strongly, but by that time it was tlu* subj(‘ct of legislative action, and 
restrictions began to be imposed. Because of these I’estrictions the 
number of immigrants decliiu'd, and in the depression of 1982 and 
near-by years it was practically zero. Indeed, in certain years more 
foreigners left the country than entered it. 

The first three peaks of immigration, ending with that between 
1880 and 1885, were very largely due tc^arrivals from countries of 
northern and western Europe. The great influx between 1900 and 
1914, however, was mainly from southern and eastern luirope. This 
change of the source of immigrants from northwest to southeast 
Europe played a large part in the adoption of legislation governing 
immigration, the particulars of which will be pointed out presently. 

Restriction of Immigration. — The attitude of the United States 
toward this century-old accretion of foreigners was at first one of 
welcome. The country was large and thinly populated and was 
devoted chiefly to agriculture. Additions of people of the same 
European stocks, who came here to settle on farms, could only be 
beneficial. It was not until the period of industrialization set in, 
around 1870, that this attitude changed. Immigration became an 
economic question then. The economic difficulties included competi- 
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tion ^\^th American labor and the indigence of some of the people whom 
oreign countries sent us. ^'arious laws were adopted, ^^^th the aim 
of excluding those who might become a social burden, and at the same 
time of reducmg the total number of immigrants. The present law 
u as adopted m 1924, but this law provided for a later presidential 
proclamation which did not become effective until 1929. It also 
permitted presidential discretion in lowering the number of immigrants 
admitted; hence, there has been con.siderable fluctuation in the annual 
accretions. The reduction during the depression of the 1930’s has 
already been mentioned (Fig. 151). Then in the Second World War 
immigration was restricted (by presidential action under the law) for 


Kig. 151. 



Net iinmiRiatioii (arrivals minus departures) into the United States after 
the enactment of the immigration law of 1024. 


other reasons. After the ^ar the numbers again began to rise, and in 
1946 about 80,000 were admitted. 

1 he lat\ of 1924 provides that 150,000 may be admitted from Europe 
each year, divided among the countries in proportion to their contri- 
bution to j^he United States population of 1920, as sho\N'n in the table 
on page 2/8. The number is somewhat more than that, since even the 
smallest countries have a quota of at least a hundred. A veiy con- 
siderable addition is also made by admitting, over and above quotas, 
certain relatives of those who are already American citizens. The 
annual admissions for the first few years totaled nearly 300,000. 

It should be noted that there is no restriction of immigration from 
any country in the AVestern Hemisphere. The only country which has 
taken much advantage of this privilege is Mexico. China, whose 
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citizens were long excluded, was put on the cpiota basis in tlio Second 
World War, and may now seiitl about 105 immigrants each y(*ar. 

Since the quotas are based on the components of the United States 
population as of the year 1920, countries of nort hwest(‘rn I’au()p(‘ are 
favor(‘d; they are tlie countries from which most of the American p<‘(>ple 
came ]>rior to 1880. d'his distinction is tlu* result of deliberate intent 
of the Congress in 192-1. Some ( 'ongressnuMi had the [)r<‘judices that 
many oth(*rs havt‘ on ra(‘ial (iiU‘stions, and their attitude could b(‘ 
regarded as confirmed by a study which th<‘\- ord(‘r(‘d made. 

Laughlin’s Study of Custodial Institutions. — At the request of 
the C'ominittee on Immigration and Xaturalization of the Federal- 
House of Repres(*ntati\'(‘s, II. H. baughlin matte a survey of th<' 
inmates of custodial institut ions. He ol)tain(Ml information regarding 
the inmates of (>81 sueh institutions, with sjxaaal rt'fcM’cnce to whether 
these inmat('S were of native or forcagn slock. The (piality of a given 
nation as a source of immigrants was judged 1)^* tin' ndative fnapiency 
with which indi\iduals from that nation wvw found in these institu- 
tions, taking into account tlu* iiumlxa- of p(M)]>l(' fj-om that nation in tlu^ 
whole country. For exami)l(‘, at the tinn' whcai Laughliins studies 
were made, there were 1,:U8.125 ])eoi)le of Italian birth in the United 
States. This number constitutcal l.Ki pia* cent of tln^ total ]>oi>vdation 
of the country. It Italians ai’(‘ neitlu'r more likely nor less likely to 
furnish d(*fectiv<‘s than is the av(*rag<' of the whole population, 1.4() 
per cent of the inmates of the (aistodial institutions should be Italian. 
Occurrence of (exactly the expected I . Hi per c<‘nt of Italians in institu- 
tions would be r(‘garded as 100 pvr cent fulfillmc-nt (jf the Italian quota. 
Exceeding this 100 per cent of the (piota is a bad sign; a figure less than 
100 per cent indicates a more satisfactory condition. 

The results of the study indicated that a somewhat larger propor- 
tion of the immigrant stocks got into institutions than were entitled to; 
that is, they more than fulfilled their quotas. It also appeared that 
in gcmeral those who immigrated got into institutions more often than 
did their children horn in America. 

Northwest versus South and East Europe. — To answer the ques- 
tions in the minds of Congressmen, Laughlin then analyzed his data by 
countries, and grouped the countries into a northwestern and a south- 
eastern bloc. Figure 152 shows the extent of quota fulfillment for 
these two blocs and the native population, with respect to the nin(‘ 
principal defects for which they were confined, and for all defects 
together. The record was moderately derogatory to the southeastern 
group, which confirmed some ideas held in ‘advance. Tliis study may 
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or may not have influenced legislation greatly, but it was given con- 
siderable prominence in the debate. 

The low quota fulfillment of all Europe vnth respect to feeble- 
mindedness, blindness, deafness and deformity, and to a slight extent 



Crime 


South and East Europe 


Native 

Northwest Europe 
South and East Europe 


Native 

Northwest Europe 
South and East Europe 


Native 

'Tuberculosis Northwest Europe 


Epilepsy 


South and £ast £urop>a . 

Blindness 

Native 

Northwest Europe 

South and East Europe 

Deafness 

Native 

Northwest Europe 

South end East Europe 

Deformity 

Native 

Northwest Europe 

South and East Europe 

Native i 



Dependency Northwest Europe 

South and East Europe i 

Native j 

All Combined Northwest Europe 

South and East Europe 

' ^ *— - ■ 

Fig. 152. ^^Comparison of Northwestern and Southeastern Europe with respect to 
their contribution of inmates of American custodial institutions. A black band extend- 
ing to the right of the dotted line indicates that the group in question furnished a larger 
percentage of the inmates of institutions than of the population of the country. 


epilepsy, merely reflects the screening at the immigration office. 
Most such people were recognized as defectives and were not admitted. 

Possible Misinterpretation. — The principal source of error in the 
conclusions to be drawn from Laughlin\s study is the fact that it dealt 
only with inmates of institutions. There are many people of both 
immigrant and native stocks suffering from the same defects who are 
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still at large. If the institutional defectives ar<^ iviily representative 
of the whole group, in and out of the institutions, no serious mistakes 
would be made by basing i>olicy upon tlaan. If something, nati{aial 
custom, for example, should prevtad the pt'ople fr<jm one country from 
entering institutions as freely as do those' of anotli(‘r nation, th(‘ relative 
numbers in institutions would give an entirc'ly eironeous notion of the 
relative desirability of those' two countries as sources of immigration. 
There is no way of knowing how great an error cre'eps into the con- 
clusions from this source', sliort of taking a census of all defe'ctives 
at large. The lattt'r reme'dy can hardly be' ap])lie'd be'cause of the 
labor reepiired, but in its abse'iice it is ne‘ce*ssary to be caiitie>us in 
interpretation. 

Ane)ther weakness (.)f the' interpretation that was j)ut upon this 
study stems from the large niimbe'i- of insane pe'ople involve*d. Immi- 
grants greaitly exce'e'ded the'ir ([uota for this defect (Fig. 152). Their 
Arnerie’aii-born childre*n, howe'Ver, we're only sliglitly above the'ir epiota 
for insanity. This probal)ly me'ans that much of the insanity e)f the 
immigrants was e'nvironment ally caused, as e'ould easily ])(' true for 
people unde'r the* strain of new e'onditions. d'o whate've'r e'xte'iit the 
insanitv w'as environmentallv eamse'd, to that e'xte'nt the conclusions 
about a stejck of bael ge'ne'^^ would be* errone'(jus. Since* the insane made 
more than 40 per cent of all the inmate's studie'd, this group influene*es 

total results considerablv. 

% 

Improvement of Immigration Policy. — Probably the most useful 
change in the immigration policy of the* I'nited States, if it were 
feasible, would be to base admissie)n on ge'iu'tie* constitution rather 
than nationality. The best people should be obtained, no matter 
w'hence they come. Te) elet ermine* genetie* constitut ie)n, it would be 
necessary to examine the family histories of applicants in their home 
countries, before they set sail. F^xaminations are ne)w given abroad 
to a considerable portion e)f the applicants, but they bear mostly if not 
exclusively on the qualities of the applicant himself, not his family. 
All persons who on this examination show any mental defect are 
excluded, and they constitute 1 to 3 per cent of the total, at different 
ports. About 9 per cent show some defect, but not all of these are 
rejected. If it proved practicable to ascertain genetic constitution 
from pedigrees, national allotments could well be discarded. A quota 
could still be set to govern total admissions. 

Other changes, generally designed to make regulation more strict, 
have been proposed by students of immigration. The following are 
taken from Laughlin in a study made for the Chamber of Commerce 
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of the State of Xew York. He calls for the immediate extension of 

means adding the 

countries of ^ orth and South America, which are now exempt Mexico 
IS the only American country noy sending us large numbers. Its 
peon class flocks over the border in good times and goes back in bad. 
Racially they are quite distinct from the people of the United States 
To make restrictions against Xorth American countries effective 
It Mould be necessary either to enlarge the border patrol very greatly’ 
or to require registration of all aliens. Aliens not able to show regis- 
tration certificates would then be deportable no matter where found. 
Whether it would be desirable, on grounds political as well as genetic 
to attempt such restrictions is a very different question. 

PROBLEMS 

227. Do you tliink it will ever l.o possible to divide mankind into races which 
will be sharply marked off from other races? ^^■hy? 

228. Does ti.e reliance of anti.ropolofrists on physical characters to distinguish 

races mean that races differ only in physical traits?’ If not, why are not mental 
characters used? 

229. What is the nature of valid objection to race hybridization? 

‘"'•"iK'-ation rules adopted by the United States in the early 

1.120 s based quotas on the number of people of the various national groups who 

were in this country in 1910 and 1890. Why do you suppose these earlier census 

dates were used despite the faet that the data of 1920 were already available? 

231. W hat do you regard as the greatest defect of Laughlin’s studies of immi- 
grants? Why? 

^ 232. hat scheme could he used to admit immigrants on the basis of genes 

instead of national orij^ins? 

233. What is the meaning, to a geneticist, of the political dictum that men are 
created equal? 
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QUANTITATIVE CHARACTERS 


Many of the characters of orKuriisnis exist in such sliarply flefined forms that 
names suffice to distinguish them. Kye color may be scarlet, blood, or peach : plant 
stems may be tall or dwarf with no doubtful intermediates; feathers may be solid 
black or barred. It is with qualities like these that this book has <-hiefly dealt. 
They are sometimes called qualitative characters. 

Often, however, the expression of a character in individuals is highly variable. 
Two strains of wheat have grains of unequal size, and when they are kejit separate 
it is easy to see that one is larger tlian tlie other. Yv.t the individual grains are of 
various sizes, and the smaller grains of the large strain an* smaller than the larger 
grains of the smalt strain. Such (jualities may be calhal (juantitati\'e cluiracters 
Names for them will not suflice; they must be measured. 

The Mean. — The first measure of a quantitative character is the mean or 
average of its expression in a considerable number of individuals. It is assumed 
that the student is familiar with ordinary arithmetical metliods of calculating the 
mean, but the short method used m statistical work may not be so well known. 
The method is here illustrated with the weight of hens’ eggs, whose mean is worth 
ascertaining in instances where two breeds differ in egg size. To simplify the cal- 
culation, it will be assumed that the eggs were weighed with the idea of the statis- 
tical study in mind and that they have been grouped into classes. It was decided 
we may suppose, to group the eggs together to the nearest tenth of an ounce- one 
class would include all eggs weighing between 1.85 ounces and l.‘>o ounces another 
class all between 1.95 ounces and 2.05 ounces. The complete data obtained are 
shown in Table 1, in which only the first tlirec columns were filled. 

This table shows that there were 2 eggs (frequenev, f) between 1 45 and 1 55 
ounces m weight (class range), 5 eggs between 1.55 and 1.65 ounces, and so on. 

treated as if the eggs in it were concentrated at its middle point. 
Ihe third class is made up of 17 eggs weighing 1.7 ounces (class value, v), the fifth 
class of 60 eggs each weighing 1.9 ounces. Now, it is obvious that the mean weight 
of these eggs ^ approximately 2 ounces, and this value may be called the assumed 
mean (a). 1 he mean assumed is always one of the class values. All other classes 

deviate from th^ assumed mean, in either a positive or a negative direction, and 
the deviation (d ) is measured with the class interval as a unit. The deviation of 
the ffist class of egp from the assumed mean is -5 class intervals; that of the 

Each frequency is now multiplied by the deviation of its class from the assumed 
mean, and the respective (negative and positive) products (fd') are set down in the 

th and seventh columns. These products are summed up at the bottom, where 
It apears that the negative ones outweigh the positive ones, so that the net sum 
of the products (2/d') is -34. From these numbers the meVn is ealoulatrd frZ 
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the formula 


M = a 


. 2/rf' 


in which i is the class interval (0.1 ounce), n is the total number of eggs (291) 
2 indicates summation, and the other symbols have the significance already 
indicated. Substituting the actual values in the formula, we have 

~ 2 + (0.1) 23 j ~ 2.0 — 0.0116 = 1.9884 ounces 

This value of tho moan may be rounded off at 1.99 ounces for any further calcula- 
tions. 


Table 1 



Significance of the Mean. — How much the mean tells regarding a population 
depends on how nearly it describes the individuals composing the group. When 
the mean weight of American silver dollars is given as so many grains, that mean 
is highly descriptive because every dollar weighs very close to the stated amount. 
Coins deviating much from the standard weight are rejected at the mint. ^V^len, 
however, the mean per capita wealth of a certain eastern city is given as so many 
dollars, that information is of little descriptive value because almost no one in the 
city has that wealth. For the city is made up of several multimillionaires and a 
considerable group of merchants and laborers. The silver dollars constitute a very 
uniform population, the people of the eastern city a highly variable one. The mean 
of a nearly uniform group is always more informative than the mean of a very 
variable one. 

It is necessary, therefore, to have a measure of the variability of a population 
in order to judge the significance of its mean. Besides, the variability itself is 
sometimes of considerable importance entirely apart from its relation to the mean. 
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Variability. — The measure of variability is the Maudard deviation {tx), defined 
bv the formula 


<r — V-— -- 

’ n 

in which /is the freqiieney as already used in the precf'dinfr section, d is tlte devia- 
tion of each ehuss from the mean, Z is the sign of summation, and n as before is the 
total number of individuals. This formula is diffieult to us(* beeaus«‘, since tin* 
mean nearly always ends in a fraction, d likewise involves fractions, and squaring 
fractions is laborious. For calculation, tluTcforc*, tlie following formula is 
substituted: 

In this formula d' is the dt'viafion of each class, not from tin' actual mean, but from 
an assumed imaui ; and to save labor the mean assumed should be tin* same («) as 
was used in calculating the mean. The deviation is thus always a wliole number. 
It is measuH'd in class int(‘rvals and is llu'refore always small, so that S(]uaring it 
is an easy operation. 'I'he other symbols in the formula lane tlie same significance 
as was indicat<*d in cojinection witli the mean. 

Usitig the assum(*d mean rather than tiu' actual mean from wiii<‘h to measure 
deviations introduces an error which is corrected by (ledueting (^/d' a)- before the 
square root is e\tracte<l. 

In calculating the standanl deviation from this formula, mm-h labor is saved by 
preserving the calculation of the mean, as in Table 1. The values /d'- are readily 
computed (eighth column) l)y multiplying the deviation (d') in column 4 or 5 by 
the product /d' in column (> or 7. 'I’he sum of these products is 2:/d'-, and in this 
population it is 838. d hi* (|uotient >;/d' n was found, in the calculation of the 
mean, to be —0.1 Hi. ^\■e may, therefore, substitute concrete values for the symbols 
in the equation of tin* standard d<‘\iation. thus: 

(T = 0.1 — 0.'ll(>=^ = O.i \/2.80t)3 = 0.17 

The standard deviation of tlu'se eggs is thus 0.17 ounce. 'I'lie correction factor 

(2/d ft)* is almost negligil>le in this particular population because the assumed 

mean (a = 2.0) was so near the actual m<‘an, 1 .1)0. In other populations when the 

mean is not so correctly guessed or does not come so near one of the class values 
the correction factor is important. ' 

Abstract Measure of Variability.— The standard <leviation, 0 . 1 7 ounce, measures 

the variability of tlie eggs satisfactorily in all relations arising within this particular 

population. It does not, however, suflicc to compare the variabilitv of the eggs 

with the variability of the height of men in indies. It cannot be used to compare 

variability measured m any other unit than ounces. It cannot be used even to 

compare the variability of one group of eggs with that of another group of eggs 

unless both lots have the same mean weight, for, if the second population of eggs 

has a higher weight, it should have also a larger standard deviation in order to have 
the same variability as the first group. 

For comparisons of variability in different populations, the measure of variabil- 
ity must be changed to the coefficient of variation, which is defined as 


r = 


lOtkr 

M 
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Tabk 1^ deviation, .V the mean. For the population of eggs in 

y ^ 0.17 X 100 _ _ „ 

1.99 ~ 

This va^e 8.5 is an abstract number, not ounces, not inches; it is comparable with 
the coeftioient of variation of any other population. 

Direct Use of Measures of Variability.— The coefficient of variation is directly 

used in genetic work in deciding the degree of variability of F, and F2 generations. 

Blending inheritance (page 1 16) is characterized by fairly uniform Fi (if the parents 

are homozygous and all of the same genotype within each parent group) and a 

variable F2. Suppose that, in an experiment testing the inheritance of the number 

of rows of grains in the ears of corn, two strains differing in that number have been 

crossed and that both Fi and Fj generations have been obtained, with the result 
shown in Table 2. 


Table 2 


Generation 

Number of ears having the 
following rows of grains 

6 

8 

10 

12 

14 

16 

Parent 1 . . . 

0 

7 





Parent 2 


$ » 

^ # 

1 

5 

' 2 

Fi 

• 4 

6 

62 

35 



F2 

1 

12 

58 

29 

19 

2 


For the Fx generation .V = 10.56 rows, <r = 1.13 rows, and V - 10.7. For the 
F2 generation M = 10.98 rows, or = 1.90 rows, and V = 17.3. The student is 
encouraged to verify these figures by his own computation. The contrast of 17.3 
with 10.7 shows that F^ is more variable than Fi (which was in this instance obvious 
from mere inspection of the table) and that therefore this particular condition of 
blending inheritance is met. The number of rows of grains is presumably a 
multiple-gene character. 

Normal Curve of Variation. — Turning now to the use of variability in judging 
of the value of the mean, we must first observe the normal distribution of the values 
of a variable character. If any measurable quality’' fluctuates (in a large number of 
individuals) in a purely random manner about a mean condition, a graph of the 
values of the character in the whole population tends to take the form of the curve 
in Fig. 153, which may be called the normal curve of variation. It rises to a peak 
in the middle, just as the weights of eggs in Table 1 would do if they were plotted, 
and falls off symmetrically to right and left, almost to zero. 

This curv'e has certain properties in relation to the standard deviation. If 
distance be marked off on the base line (with the standard deviation as the unit) 
in plus and minus directions from the mid-point which represents the mean, it is 
found that practically the entire population lies between two extremes, one of 
which is three times the standard deviation above the mean, the other three times 
the standard deviation below the mean. If the mean of a population is 20 and 
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its standard deviation is 2, very few of tlie individuals will be over 20 or under 1-1, 
that is, if the population is distributed in the normal random manner. Moreover, 
between these extremes, certain fractions of the po|>ulation lie at certairi distances 
from the mean. These fractions and their respective distanc(*s (measured with tlie 
standard (leviation as the unit) are ^i\<“n in part in d’able 3. 

'I'AnLi-: 3 


M - xij 


0 . 05 
0.10 
0.15 
0.20 
0.25 
0.30 
0 . 35 
0.40 
0.45 
0.50 
0.55 
0.60 
0 . 65 
0.70 
0 . 75 
0.80 
0 . 85 

0 90 
0 . 95 

1 00 
1.05 
1 10 
1 . 15 
1.20 
1.25 
1.30 


Fraction of 
total 

j)oj>ulation 

0 . 0 1 9f) 

0 0308 
0 . 0596 
0.0793 
0 . 0987 
0.1179 
0 . 1 368 
0 . 1 554 
0.1730 
0.1915 
0 . 2088 
0 . 2257 
0.2422 
0 . 2580 
0.2734 
0.2881 
0 . 3023 
0 3159 
0 . 3289 
0.3413 
0.3531 
0 . 3643 
0.3749 
0 3849 
0.3944 
0 . 4032 


M - xo 


I . 35 
I , 40 
1 . 45 

1 . 50 

1 . 55 
1 . ()0 
1 . 65 
1 .70 

1 75 
1 .80 
1 . 85 
1 . 90 
1 . 95 
2.(M) 
2.05 
2 . 10 
2.15 
2.20 
2 . 25 
2,30 

2 35 
2.40 
2.45 

2.50 

2 . 55 
2.60 


Fra(dion of 
total 

population 

0.4115 

0.41 92 

0.4265 

0 4332 

0.4394 

0,4452 

0 . 4505 

0 . 4554 

0.4599 

0 . 464 1 

0 . 4678 

0.4713 

0 4744 

0.4772 

0.4798 

0.4821 

0.4842 

0.4861 

0.4878 

0.4893 

0.4906 

0.4918 

0 . 4929 

0.4938 

0.4946 

0 . 4953 


M - 


X<T 


2 . 65 
2 70 
2 75 
2.80 

2 . 85 

2 4K> 
2 . 95 

3 (M) 
3 05 
3 10 
3,15 
3 . 20 
3 25 
3 30 
3 . 35 
3 40 
3 45 
3 . 50 
3 . 55 
3 60 

3.65 
3 70 
3.75 
3.80 

3.85 
3.90 



Fraction of 
total 

l)opuhitiori 

0.4960 
0 4965 
0.4970 
0,4974 
0.4978 
0 4981 
0 4984 
0 4987 
0 . 4989 
0 . 4990 
0.4992 
0.4993 
0 4994 
0.4995 
0 4996 
0 . 4997 
0 4997 
0 4998 
0 4998 
0.4998 
0 4999 
0.4999 
0.4999 
0 . 4999 
0 . 4999 
0.5000 


shows, for example, that between the mean and 0.35 times the 
standard deviation above or below the mean (see seventh line of tabic) there is 
0.1368 of the whole population; between the mean and 0.90 times the standard 
deviation above or below the mean is 0.3159 of the population; and between the 
mean and 2.10 times the standard deviation above or below the mean is 48 21 ner 
cent of the population. The table may be used backwards. If one wants to 
know within what limits, equidistant from the mean on either side, 80 per cent of the 
population IS to be found, it is only necessary to look at the bottom of the first 
column where the limit of approximately 40 per cent (0.4032) is given. It appears 
there that 80.64 per cent lies within the limits of 1.3Qa above and 1.30^ belmv the 
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mean. If more precise limits are to be set, a more complete table is neede.l, or 
one must interpolate between the points given. 

This table of distribution of a normal population is most important in judging 
of the signihcance of means and other statistical values. 

ReUability of the Mean.— The means with which statistical work deals are 

usually computed from only a small fraction of the individuals which might have 

leen included If the mean thus obtained is near the mean of the whole group, 

It IS reliable: if the mean of a limited number is apt to be far from the mean of the 

whole existent population, it is unreliable. Reliability depends on how variable the 

Iiopulation IS, and on how many individuals have been obtained from it for study 

and measurement. How a measure of reliability is to be devised should be clear 
irom the following considerations. 

If an investigator today takes 500 individuals from a population consisting of 
a million or more, he obtains from them a certain mean. Tomorrow he takes 



on the hatse line. 


another 500 and obtains another mean. It is not the moan obtained from the 
first 500, and neither mean is that of the entire million. He and other investigators 
take various samples, not always the same number of individuals, and calculate 
from them various means. Probably no mean is identical with any other one. 
Yet they tend to cluster about a certain value. Indeed, the distribution of these 
means is of the same sort as the distribution of individuals in Fig. 153. The means 
all fall within a certain range. The bulk of them accumulate near the middle of 
that range, while fewer and fewer are successively farther and farther from the 
middle point. Theoretically' the value around which the various means tend to 
collect is the real mean of the population of a million, or whatever the total number 
is. In statistical work one is constantly trying to judge what that real mean is 
from the mean of a much smaller number of individuals. 

Standard Error of the Mean. — These attempts focus on the calculation of what 
is called the standard error of the mean. This standard error may be symbolized 
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by aw, and is defined by the equation 


a 

<TM = 

V n 


in which a is the standard d<‘\'iation of the limited ^roiip whose mean is beiiiK 
jud^ied as to relia!)ility. and a is the number of individuals from which the mean 
was computed. The lett(‘r a is used as the symbol of the standard (“rror because 
that error corresjHuids to the standard deviation of a lar^e number of means 
separately calculated from difTerent .'samph^s of the entire* extant po])ulation. ( ’on- 
.secjuently the standard error may l)e used as the unit of imaisuriunent in Table 3. 
in place of the standard d(‘viation, Some ])ractice in makin^j this use of Table 3 is 
desirable. 

To make the judjrm<‘nt com-rete, we may riUurn to the weights of hens' eggs in 
Tal>le 1 . The mean weight of tlu'se ('gg>- was 1 .99 ouma's, t heir standard deviation 
was 0,17 ounce, ami the nund>er of eggs was 2111, Substituting the p(“rtinent 
numbers in the e(juation of th(‘ standard (Tror of the moan, we find that 


<T\f = 

\ n 


0.17 
\ 201 


= 0.01 ounc( 


This standard error of th(‘ m<‘an. 0.01 ounce, is indicated b\' writing the mean as 
1 .00 + 0.01 ounces. 

hat do(‘s this standard error t<‘ll us? Siiu’e the stamlard (UTor corr('s])ond.s 
to a .standaial deviation. Table 3 is the crit(u*ion of judgment. Thiaa* times the 
stamlard (‘rror above and l)elow the com])Uted ni(‘an an* limits within which th(‘ real 
mean is almost certain to lie. These limits for the hens’ eggs are 2.02 and l.Ofi 
ounces, respectively. Though tlu* im>an of only 201 eggs has been ascertained, it 
is j>ractically C('rtain that, had an indefijdtel\' large number of eggs from th(^ siime 
source been weiglied, their im'an would not have Ix'cn over 2.02 or under l.Ofi 
ounces. If a narrower limit be .«et, say two times the standard error, it is found 
from the center of Table 3 that 05.44 p(>r cent (twice 0.4772) of the chances are that 
the real mean weight is within this narrower range. That is, if all the possible 
eggs from that source had been weigluMl, there ar(‘ less than 5 chances in 100 that 
their mean would have been more than 2.01 or less than 1.07 ounces. Still nar- 
rower limits may be set, and Tabic 3 shows what chance there is that the real mean 
falls within them. 

Most investigators are content to regard 0074 chances out of 10.000 as practical 
certainty (see eighth line of last columns of Table 3). and consider that the real 
mean of any indefinitely large population is not more than tliree times the standard 
error away from the computed mean of a limited portion of that population. 

Other Standard Errors.— Kvery other value computed in statistical work has 
its standard error, which is the measure of reliability. Kverywhere it corresponds 
to the standard deviation, and Table 3 is used to determine the significance of the 
quantity to which it relates. For the standard deviation the standard error is 


= 


V^2« 


= 0.7071a.,/ 
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For the coefficient of variability the standard error is 




V 


V 


1 + 2 


V 

100 


One of the most useful of standard errors in genetic work is that pertaining to a 
proportion. It is desired to know how far the actual ratio obtained in L F, 
gencTation ma.v depart from the expected 3:1 without indicating differential 

^rroT f 't'h / anything else than chance. The standard 

error of the ratio gives that information. If the group under consideration is 

expressed as a fraction of the whole, the formula of the standard error is 


-V 


p(l - p) 


in which p is the proportion, and n is the total number of individuals. Thus, in an 

I 2 Kcneration consisting of 289 individuals of which 205 are of one kind, 84 of 

another, how ikelv is it that this distribution differs in any but an accidental way 

n a ra lo o The actual proportion in the majority group is 0.7093. The 

Standard error of this proportion is accordingly 




70!)3 X 0.2907 
289 


= 0.0267 


It requires only 1.52 times this standard error to be added to 0.7093 to make it the 

theoretical 0.75; so according to Table 3 there are about 13 chances in 100 that the 
drop to 0.7093 is purely accidental. 

Without converting the numbers of individuals into a proportion, the standard 
error can be computed according to the formula 


= 


— c) 


111 which c is the number of members of one of the two classes, and n is the total 
number of individuals. The standard error thus computed is in individuals, not 
a fraction. Its significance and use in connection with Table 3 are not in any way 
changed. The major class of the pair just used is 


205 + 

- \ 289 


= 205 ± 7.7 


It would take adding only 1.52 times this standard error to 205 to make it the 
216.75 that would be exactly three-fourths of the total. 

Standard Error of a Difference. — Frequently it is desired to know whether one 
population differs from another as indicated by their means or whether one is more 
variable than another as indicated by their standard deviations. Each mean or 
each standard deviation has been calculated with its own standard error. The 
ifference between the means, for example, is found by simple subtraction. The 

standard error of that difference is determined from the errors of the two means 
by the equation 

o’rf — 'V^<ra® ”1“ 
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in which <Ta is the standanl error of the one mean (or oIIut measure) and <t\, is tho 
standard error of the other mean. If one mean i.s 28.(5 ± ().<J3 and tlie other i.s 
20.9 + 0.54, the ditTerenee l^etweeii tliem is 

1.7 ± V(a93,)2 + (0.54)= = 1.7 ± 1.07 

The difference is only 1.59 times its own standard error, and, hy referring to Ta})lo 
3, we find that there are almut 89 cluinces in 100 tliat tlie two mean.s n'present 
really different populations, or 1 1 clianeos in 100 tliat tlie difference is du(‘ only to 
the accidents of random sam})ling. A <IitTerence must be at least three times its 
standard error to make it practically certain (9974 eluiJie(‘s in 10.000; that it i.s 
not merely accidental. 

Probable Error. — Some investigators prefer to use a measure of reliability that 
divides the probabilities evenly. They wish to attach to any uncertain measure 
an error that is just as likel>- to be exce(‘ded as not. To ascertain what this error 
is it is only necessary to find in 4'able 3 that multiple of the standard deviation 
which marks off 0.25 of the population I'which is 0.50 wh(>n fluctuation both i)osi- 
tively and negatively is inclinled). 'I'his multipU' is nearly midway b(4ween 0.(55 
and 0.70 times the standard deviation. Hy interpolation it i.s found to lx* 0.0745. 
Hence, an error that is 0.0745 times the standard error is chosen. 4'his measure 
of reliability is called the probable error. The probable error of a mean is 



0.0745a V = - 


0.0745a 


\ ^ Tl 


The probable error of a standard deviation is 



0.07-15ac 


0.()745a 

\'2n 


Any probable error may be found by multiplving the corresponding standard error 
by 0.6745. 

There is no advantage in the probable error, but it is still frecpiently used. It 
entails more labor: (1) it retpiires one more multiplication to calculate it; and (2j 
if Table 3 is to be used in forming judgments of probability, the probable error 
must first be divided by 0.6745 before the table is of service. 

In connection with error, either standard or probable, it should be made clear 
that it does not refer to any mistake in calculation or in the original observations 
or measurements. It is merely the error which one makes in assuming that the 
entire population is like the limited sample which has been studied. 

Correlation.— Many geneticists find the principle of correlation useful as evi- 
dence of heredity when other signs fail. Correlation is a connection between two 
properties of the individuals of a population such that, as one of the properties 
varies, the other tends to vary. If as one property' increases the other tends to 
increase, the correlation i.s positive; if as tlie one propertv increases the other tends 
to decrease, the correlation is negative. Positive correlation indicates that the 
two qualities have part of their physiological bases in common, and the physiological 
bases are not infrequently genetic. 

The most commonly used measure of correlation is Pearson’s coeffieient of 
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correlation, defined by the equation 


• zy — 

n<Tx <Ty 

but calculated from a more complicated equation to be given later To use it 
one rnust first have measures of the two qualities in each of a considen^ble number 
of individuals. The data are collected with the idea of correlation in mind and 
are entered in a table ruled in squares. To make the discussion concrete, suppose 
that one contemplates ascertaining any correlation between the depth of yellow 
color in the ear lobes of fowls and the number of eggs they lav. A color chart or 
some more objective way of determining yellow must be available, and we may 
arbitrarily divide the range of color into nine grades, 1 the palest, 9 the darkest 
yellow. If it be guessed that the poorest layers will produce at least 100 eggs in a 
year, the best ones less than 200, the egg production may be divided into 10-egg 
classes, beginning 100-109, 110-119, and ending 190-199. 

On a sheet of cross-section paper the egg-production classes may be written 
along the top, and the color classes down the left margin. Suppose the first hen 
IS of color grade 5 and lays 132 eggs; a dot is placed in the square in the fifth row 
and fourth column. For a hen which is of color grade 2 and lays 160 eggs, a dot 


Table -i 
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is placed in the square in the second row and seventh cohinin. Kael» fowl is 
recorded by a dot, ^^’hen the data are complete, the dots in tlie sev(‘ral H(|uares 
are counted and the nuinl>er written in place of them. The result is what is called 
a correlatioii table (Table 4?. 

By summing up the horizontal rows there i.s obtained at the right the distribu- 
tion of the color cla.'<ses of the hens; and by adding the columns there is i)lac(al at 
the bottom the distribution of tlu* (‘gg j)roduction of the same hen.s. For c‘acli of 
these distributions tliere is calculated usually the mean aiul always tlu' standard 
deviation, by t li(‘ metluxls alr<'ady described. Th<‘ calcidal ions should be prescu'N’Cfl, 
for some portions of them enti'r into the coruputation of tlie co(d!ieient of correla- 
tion. Suj)pos(‘ that lh(' assum<-<l ?nean color grade* was 5, and the assumed mean 
<‘gg production was 144. o, both being the middle f)oints f)f tin* ranges of thr* most 
numerous classes. If these* classes an* markt'd otT by heavy lines, the table i.s 
divided into (juadrants. 

Th<‘ (‘(juation used to i-aleulate r differs fi’otn the (h fining r)ne alrcad\ gi\(“n, 
b(‘cause assumed m(*ans lia\e been used in order to sa\(' labor. 4'his calculating 
formula is 

(I 




r_r.. — 


in which dj,' i.s tlu* de\iation of any group from the assuinec) ineaii egg production, 
dy' is the de\ iation of tin* same group from tlu* assume<l nu'an color grade. / is the 
number in the r(*sp(*cti\(' s(|uar<*s of tin* table, n is the numlx'r f)f hens in the total 
sample, is the standard d(‘\iation of egg pro«luclion in cla.ss iuter\als (not (‘ggs) 

is the standard de\uation of color grade in class inter\als, .‘unl — is tin* sign of 
summation. 

• The first term in the numerator of tin* formula is now comi)ut(*d. 'Fhe fre- 
(jueney 2 in the upp(*r l(*ft (piadrant of Table 4 is that of a class whi(‘h deviates 
— 3 from the assum(*d mean <*gg produ(*lion ainl ch'viates —2 from tin* a.ssumed 
mean depth of color. For this group, tln*refore. fd/d„' is 2(— 3'( — 2), which is 
4-12. This product is set in small hguri's in tin* square with the fre(jin*ncy. For 
the group of 4 in the low(*r left quadrant, the deviation from one mean is —3, from 
the otlier 4-2; hence fd/dj is 4(— 3tf4-2) or —24. The corresponding products 
are computed for the otlier groups in tlie table. In the assumed mean classes all 
products are 0 because one of the deviations is 0, In the upper left and lower right 
quadrants all products are positive, those of the upp(*r right and lower left are all 
negative. The (juantity 'Lfd/d^' is the sum of all these products, with their sign.s 
taken into account; for this parti<*ular table it is —00. 

The value of '^fd/, used in computing the mean egg production, was found to 
be - 2. That of used in determining the mean color grade, was 4-23. Tlie 

total number n is 220; is 17.0 eggs; hence s.r is 1.7 class intervals; and (r„ is 1.45 
color grades, so that Sy is 1,45 class intervals. If these concrete values be sub- 
stituted in the equation, it is found that r = —0.18. The correlation is negative; 
as egg production increases, depth of yellow color is diminished. 

V5dues of r range from 0 to 1, either po.sitive or negative. If one quality has no 
relation whatever to the other, r is 0. If, for a given value of one variable, tliere i.s 
inevitably a certain value of the other variable, r i.s 1. The relation between ear- 
lobe color and egg production is therefore relatively slight. The standard error 
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of the coefficient of correlation is 



However, since r is not a very accurate 
related properties, the standard error is 
(Tr = 0.065; the coefficient of correlation 
not very meaningful. 


measure of the common basis of the cor- 
of less use than elsewhere. For Table 4 
is thus only 2.77 times its error, and hence 


Genetic Uses of Correlation.— In ase.Mially reproducing organisms, the heredity 
of a variable character cannot be proved by comparison of parents and offspring 
in a single family, since the parents might accidentally be below the mean of their 
etram while the offspring might, likewise accidentally, be above the mean of their 
strain, bize of the protozoon Paramecium fluctuates tremendously without any 
genetic basis for the variability; the number of spines on the shell of Difflugia varies 
less, also without any corresponding genetic change. If in these examples the 
character of the parents be plotted against the mean of their offspring in a correla- 
tion table and a positive coefficient of correlation is obtained, this is evidence that 

the size or the number of spines has a genetic foundation as well as an environ- 
mental one. 


In man a quantitative character like the nasal index may vary so much as to 
leave one in doubt, m single pedigrees, whether it is inherited or not. If in this 
situation a number of identical twins are available, correlation between them may 
be cornpared with correlation between fraternal twins. If the former correlation 
has a higher coefficient than the latter, nasal index is partly hereditary. 


PROBLEMS 


„ nature of the error to which the terms “standard error” and 

probable error" refer? 

236. In demonstrating that a blending character is determined by a group of 
similar nondominant cumulative genes (as in red color of wheat, page 115), shoiv 

that standard deviation or coefficient of variation of the Fi and F- generations is 
more important than their means. 

236. If the mean of a collected sample is 17.4 with a standard error of 0.15, how 

1 e y IS it that the mean of the natural population from w'hich the sample w’aa 
taken is over 17.7? 


237. When one says that a mean based on 400 individuals is better than a 
mean based on 100 individuals, is the improvement a greater probability that the 
mean is correct? If not, what is the measure of improvement? 

238. If an Fz generation consists of 215 individuals of one kind and 65 of 


another, w'here a 3:1 ratio W'as expected, how^ likely is it that one needs to look 
for some disturbing factor, such as lower viability of the recessive individuals? 

239. If tw'o snail samples t.aken from streams A and B have mean lengths of 
15.6 ± 0.24 and 15.9 ± 0.19, respectively, w'hat is the probability that the snails 
of stream A are longer than those of By instead of shorter as the samples indicate? 

240. If you used correlation to show* whether the number of spines is inherited 

in the asexually reproducing protozoon Difflugia, what would you write at the top 

and side of the correlation table? ^ IMiat result would show* that the number i.s 
inherited? 
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241. If a line be drawn around all the iiumbors within a correlation table, what 
geometric form does the figure tend to take if there* is correlation? If the correla- 
tion is high, how does the form of this figure tlifTer from its form when correlation 
is low? 

242. What would the geometric figure referred to in the preceding problem 
become if correlation were perfect ir — 1 i? ^^'hat would it b(* in the absence of 
correlation (r = 0)? 

243. Men were once said to be more variable than women b(*cause their stand- 
ard deviations (of stature, strength, etc.) were greater. J)iscuss the error of this 
conclusion. 

244. If only one individual has b(*en taken from a population, and it is being 
regarded as representative of the whole group, what property of the population, if 
known, would constitijte tlie standard error of such individual? 

246. If yon have collected 40 sp(‘cimens and find that the smallest is 13 mm. 
long and the largest 20 mm. long, make a rough estimate of the standard deviation 
of the group as it should be wlien you have coli«-ctcd 300 specimens. 




LIST OF VISUAL AIDS 


'I'he following list of visual aiils may la* \is(*(l to supplcmoiit of tho mater- 

nal in this hook. It is suKKvsted that each film lx* previewed before use as some* 

mav contain information that is too advanceel or toe) (‘le'ine-jitarv. 

« 

'fhese films may he obtained from the prexlm-ea- »)r distrih\itor liste*d with each 
title. (The aeldre*sses of the producers anel distrihiitors are* j^iven at tlie eml e)f this 
listing.) In many easels tl\e‘se films may lx* ohtaineel from ye)ur local film library 
or local film distribeitor: alsf). manv vmiveTsities have film librarie.\s from wliiedi 
thev mav bo borrowed. 

The nmninj; time ('min) and whethea- it is .silent (.si) or sejund fsd) are* j^iven 
with oacli title. .Ml those ne>t listexl jis ce)le)r ((’) are* black and white. All of the* 
motie)n pictnre*s are Ibmm. 

l*iae-h film has be-e*!! liste*d f)nly once. IIowe-v(“r. many films may l)e usexl 
aelvantaj^e*e)Usly with se‘ve*ral cha{)ters. 

Hfn’diiij (KHF lOmin .sd). Pre.se*nt.s Mend(*lian laws of iidieritan(*e': explains 
mite)sis anel me“iosis in reflation to j;e‘ne*s: e*hance combinatie)ns of sperm Jind (‘Kgs; 
genotype's and relationships. 

Heredity in Auintnf.'i (\'isliib 2()min .sel). Ivxplains the principles of iH'redity; 
illustrates the proce's.ses of mitosis and meiosis. 

Heredity in Man (VisLib 15min sd). Pre.'<e*nts a neimber of su])erior British 
gene'alogies with inference that here'dity i)lays a leading role* in physiejue, musical 
talent, and artistic abilitie's; contrasts the'se pedigre“(*s with e)thers in which many 
of the otT.spring are feeblc-mineled e)r crippled. 

From Generation to Generation (\'isl>ib 25min sd). ,V e‘ondensatie)n and com- 
l>ination of “ Here*dity in Animals” and ‘‘Hen'dity in Man.” 

The Living Cell (KBF 15 min si). Describes tlx* division and gre)wth of single- 
c(*ll(*d organisms; yeast, amex'ba. param<'e‘ium ; many-celled organisms: liydra Jiiid 
flatworms; tissue cells: cell elivision. 

Development of the Bird Embryo (KBF lomin si). De*scrilx\s de*velopme*nt of 
the bird embryo using the chick for early stages and the wren for last stage and 
hatching. 

Development of a Fertilized HabhiCs Ovum (KBF lomin si). Shows the s(*g- 
mentation of the fertilized ovum. 

Fertilization — Study through the M icroscope (KBF 8min si). Picture's entrane*e 
of sperm into eggs of marine invertebrates; (‘k'avage elivisions of fertilized e'ggs 

Ovulation, Fertilization ami Early Development of the Mammalian Egg (I’SD.V 
30min si). Portrays ovulation; spermatozoa attacking the ovum; cell division in 
fertiliz(jd egg. 

Reproduction among Mammals (KBF lOmin sd). The story of embryology 
using the domestic pig for an illustration. 

Reproduction in Higher Life Forms (Bray lomin si). Describes reproduction 
in fish, reptik's, birds, and mammals. 

Reproduction in Lower Life Forms (liray ISinin si). Shows primitive hydra; 
reproduction by budding; cell division of paramecium. 

21)9 
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Human Body Series, Pari VII: H uman Development (Bray 23min si). Presents 

vir '^-eiop! 

of Svalof (USDA 14min sd). Shows the practical side of the-work in 

the laboratory; shows Swedish scientists at work at Svalof; illustrates changes in 

plants and improvement as a result of scientific selection, crossbreeding, X-ray 
and chemical treatment of seeds. ° ^ 

Achievement (Allis-Chalmers llmin sd C). Portrays the growing of hybrid 
corj^ • 

The Desert Harvest (Bray 4min si). The cactus made spineless-an accom- 
plishinent of Luther Burbank. 

SOURCES OF FILMS LISTED ABOVE 

Allis-Chalmers Mfg. Co., Milwaukee, Wis. 

Bray Studios. Inc., 72!) Seventh Ave., New York, 19 

20 N. Wacker Dr., Chicago 6 

USDA—U. S Dept, of Agriculture, Motion Picture Div., Washington, D.C. 

I nited ^^orId Films, Inc., 445 Park Ave., New A'ork 22 
VisLib— Visual Library, 1600 Broadway, New York 19 
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Abortion, resistance to, in rabbits, 220 
Acquired characters, old ideas of 
heredity of, 1 

Adaptation, evidence' of guidancM* of 
evolution by selection. 188, 189 
Adrenals, influence on nervous and cir- 
culatory systems. 127 
Agglutinins, in l)lood serum. 70, 80 
Agglutinogf'u.s, 143. 208. 200 

independence of production in blood 
cells, 158, 151) 
racial frequencies of, 273 
in red blood cells, 40, 50. 70, 80. 82 
Albinism, 103 

nature of mutation causing, 15(5, 157 
Alcaptonuria, nature of mutation caus- 
ing, 157, 158 

Algae, number of genes in, 146 
Alleles, 75 

multiple, 75-82 

and })lood groups in man, 78, 70, 
80, 81 

dominanee of, 78 
in Drosophila, 76, 78 
in human eye color, 81 
in mice, 78 
in ra])bits, 77, 78 
in snapdragons, 77 
symbols of, 76-77 
origin of, 75 
Allergy, 207, 208, 209 
Alpine race, 274 
Amaurotic idiocy, 219, 241 
Amino acids, 1 1 

synthesized by Neurospora, 155 
Amoeba, fission of, 19 
Andalusian fowls, 50 
Anemia, 209 


Anther, 23 

Aphids, resistance to, 228 

w ijjgs depc'ndent rin light, 124 
Applied genetics. 226-240 
Armadillo, multiple (‘inbryos of, 171 
Arteriosc!(*rosis. 210 
Arthritis. 210, 211 
Artistic ability. 225 
As('xual reproduction, 19-21 
Asthma, 208 
Astigmatism, 205, 206 
Ataxia, 214 

Autonomy, developmental, 31 
Autosomal eharaeter, recombination 
with sex-linked, 100, 101, 102-103 
Autosoines, 64, 66 

containing sex genes, 168, 169, 177 
in man, 64, 66 

D 

Backcross, 59, 60, 61, 62, 63 
Baldness, 195, 196, 204 

dominance relatc'd to sex, 112, 122 
Bar eye, in J4rosophila, a duplication, 
86, 86 

Barley, awns and yield of. 233 
Basal metabolism, racial difFerencos in, 
273 

Bateson, and rediscovery of Mendel, 7 
Beans, resistaneo to virus, 104 
Birds, color affected by food, 125 
Birthmarks, 202 
Birth rate, crude rate, 268 
decline of, 257 
reasons for, 261 

in different populations, 259-261 
in economic classes, 260 
effect of war on, 261, 262 
in eugenics, 251 
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'^irth rate, in racial classes, 260 
urban-rural contrast in, 259, 260, 261. 

265, 266 
Blastvila, 27, 28 

Blending inheritance, 1, 2, 116, 122 
Blight resistance, 227 
Blood-group agglutinogens, 50 
Blood groups, 82, 91, 143, 158, 159, 208, 
209 

clinical test for, 79, 80 
distinguishable heterozygotes, 100 
in legal questions, 238-240 
as multiple alleles, 78, 79, 80, 81 
Blood pressure, 210 
Blood vessels, defects of, 203 
Body build, 201, 202 
Bone, abnormalities of, 200, 201 
brittleness of, 201 

Brachydactyly, in <lisputed paternity, 
237 

Brachyphalangy, 48, 49, 200 

possibly lethal in homozygote, 89, 90 
Brain waves, in epilepsy, 219 
in twins, 220 
Bronchitis, 208 
Budding, 20 

Butterflies, color in, 113, 122 

C 

Cancer, 213, 214 

of breast, in mice, 163 
Cataract, 205 
Cattle, color of, 99 
in Ayrshires, 121 

genes determining butterfat, 232, 233 
inheritance of horns. 99, 232 
intersexes in, 177 
Caucasian races, 271, 272 
Cell division, 14, 15-18 
significance of, 17-18 
Cell membrane, 12 
Cells, characteristics of, 11—13 
chemical composition of, 11 
cooperation among, 13 
generalized structure of, 12 
germ and somatic, 13-14 
nature and origin of, 11-18 
Cell wall, in plants, 16 


Centriole, 12 
Centrosphere, 12 
Cephalic index, 199, 271, 272 
Chance, in casting dice, 243, 244 

in direction of evolution, 186, 187, 190 
in family histories, 243, 244, 245, 246, 
253 

Chemical substances, affecting heredi- 
tary characters, 126-128 
cause of mutation, 154 
China, population problem in, 257 
Chondriosome, 12, 13 
Chromatin, 12, 13 

Chromogen, interaction with enzyme, 
108 

Chromomeres, 15, 16, 17 
Chromosome map, 132-136, 137, 138, 
139, 140, 186 

Chromosome number, in different spe- 
cies, 183 
doubling of, 181 
relation to isolation, 189 
Chromosomes, 14, 15 
aberrations in, 149, 150 
arrangement of pairs in reduction 
division, 92, 93 
homologous, 35, 36, 38, 39 
individuality of, 17, 18 
lengthwise duplication of, 18 
locating genes in, 149, 150 
in man, 64, 66 
mechanism of heredity, 8 
pattern in, 15, 16, 17 
proof that they contain genes, 145- 
150 

relation to sex, 166-168 

in salivary gland of Drosophila, 149, 

150 

Ciona, effect of nutrition on. 184, 185 
Cleavage of egg, 27, 28, 37 
influenced by cytoplasm, 29 
Cleft palate, 199, 242 
Clubfoot, 201 

Coefficient of correlation, 293-297 
Coefficient of variation, 287, 288, 296, 

297 

Color blindness, 68, 69, 70, 73, 143, 216 
total, 206 

Combs of fowls, 107, 108 
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('ompoundH of allolic muta- 

tions, 78 

(Wii, color of eiulo.s[)orm in, 105, 122 
heredity in, 0 
resistance in, 228. 229 
segref^ation in, 3 
Corn borer, resistama* to. 229 
('orrelation, 203- 2* Mi 
coettici(*nt of. 203 207 
{genetic users of. 200 
table of. 204. 200 

C'orrens, and rediscovery of Mendel. 7 
('osmic rays, cause of mutation. 153- 
154 

('otton, lenptli of fiber in. 232 
CVanial capacity, 272 
( ‘re'cpcr fo\s 1. lOti 

lethal {IS lu)mo/yj»;ot<', S8. 00, 01 
(’rctinism, 2 1 2, 2 1 7 
Crime, 220 222, 225 
Crossiri^r ov<T. 134, 13,5 137 
relation t<» sex, 130- 137, 143 
uneq\ial, 153, 180 

bet\\e(*n X juid 5 chromosomes, 102 
('rustaceai, shape* chanj^ed b\’ salt. r2ti 
Cytoplasm. 12 

influence* on cle;iV{»p;e, 20 
(’ytoplasmic inh(*ritanc(‘. KiO- Hit 

1 ) 

Day blindness. 206 
Dcaf-iTiutism, 207 
Deafness in man, 122, 207 
Death rate, 202, 203 
in cu{<enics, 251, 252 
Deficiencies in chromosomes, 85, 140 
a pjirt of Mendelian process, 100 
Dementia j)raecox, 218 
Determination, orKunic, 28-31 
time of, 30-31 

Development, autonomy in, 31 
embrj'onic, 28-32 

De \'ries, and rediscovery of Mendel, 7 
Dexter cattle, lethal as homozygote, 
88 , 00 

Diabetes insipidus, 210 

Diabetes mellitus, 210 

Dice, random positions of. 243, 253 


l)iin])les, 203 
Diploid, 38. 42 

I)iploidy. a two-gem* eondition, 140- 
147. 1.50 

l>omiMane<*. 51 -.58 

alTeeting I-'j ratio, 00 100 
contradi<*torv conclusions cone(‘rn- 
ing. 101. 102 

judg(*d from family histori(*s, 58 
in lethal homoz\ got«*s, 80 00 
nuxlified l)y sex. 111-112 
among multiph* ;ilh‘h*s, 78 
rc'cognit ion of, in man, .5-1- .58 
I )opM. s(»un'e of m«*l;inin. 157 
Drosophihi, abnormal abdomen atTt‘eti‘d 
by moisture. I2() 

allch*s in. \\ hitc-cyc s(*ri(‘s of, 70. 78 
bar cy(* changed by IcmpcraHire, 123 
b.*ir-c\(‘ mutation, 1.5.3, 180 
body color, 100. 101, 102 103, 105 
bristle shai)c. 100. 101, 102-103, 110 
<*hromosomc maps, 132 134, 130 1.37, 
138, 130. 140 
c(jh)r of e\ e. 10.5 

det(*i iniiuit ion of, 31 
:tnd oe<‘lli, 00. 97 

crossing over related to sex, 130- 137 
eurletl-wiiig mutation, 131, 132 13.5 
diehticlc* a let h;il. 80, 00 
doubling ('hromosoim* numl>(‘r, 181 
gynandromorpliie, 170 
h.*iiry-wing mutation, 153 
h:iplo-4 in, 84, 85, 148 
liaploidy, and s<*x, 171 

of single chromosome, 181 
heredity iii, 0 

isolation of two species, 100 
linkage, in female, 134-135 
in male, 131-134 
material for studv, 33 
mutations affecting oxidation, 158 
nature of vermilion and cinnabar 
mutations, 158 
parallel mutations, 185, 186 
sable body color, 66, 07, 68 
scute mutation, 183, 184 
sexes, intersexes and supersexes in, 
168, 109 

shape of wing, 105 
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Drosophila, star ryo a lothal, 80, 90, 01 
various mutations in. 180 
v(*stip;ial wins afTootod l>v tempera- 
ture. 123, 124 

white-eye series of alleles in, 76, 78 
white oeelli. 132-134 
Duplieat(* genes. 110, 120, 121, 148, 149 
origin of, 120 

Duplication of genes, in chromosomes, 
85, 86, 180 

a part of Mendelian process, 160 
Dystrophy, muscular, 202 

E 

Ear lobe, in man, 106, 197 
Ear pits, in man, 106 
Ear shape, 106. 198 
Ectoderm, 28, 29 
Eczema, 202, 208 
Edema, 208 
Egg. 22, 23, 37, 38 
definition of, 22 

Embryology, aims common to genetics, 
32 

Embryo sac, 23, 24, 40 
Endocrine glands, 126, 127 
as internal environment, 128-129 
Endoderm, 28, 29 
Endosperm, in flowering plant. 42 
Environment, affecting hereditary char- 
acters, 123-129 
contrasted with heredity, 129 
internal, 128-129 
Enzyme, in color reaction, 108 
Ephestia, cytoplasmic influence on eye 
color, 164 

Epidermolysis bullosa, 202 
Epilepsy, 219, 220 
Epistasis, 113 
Equation division, 37, 38 
Erthyroblastosis, 246 
Eugenics, 239, 241-253 
positive program of, 250, 251, 253 
methods of, 252, 253 
public program, 247-249 
Eugenics Record Office, 10 
Euplotes, independent action of mul- 
tiple mating-type alleles, 159 


Evolution, guidance of, 185-189 
chance in, 186, 187 
relation to heredity, 179-190 
Eye color, in man, 66, 114, 192, 193 
Eye defects, 205-207 

F 

F 1 , defined, 44 
F 2 , defined, 44 

family limitation, basis of judgment 
concerning, 242, 253 
calculating risks, 243-246, 253 
decisions concerning, 241, 242 
public policy concerning, 246, 253 
unpredictable features of, 245, 246 
Feeble-mindedness, 62, 217, 218, 220, 
243, 244, 246-248 

impossibility of eliminating, 249, 250 
a public burden, 246, 247 
Fertility of races, 278, 279 
Fertilization, 23, 37, 39 
Fingerprints, 203, 204 
Fission, 19 

Flower, reproductive parts of, 23 
Four-o’clocks, color inheritance in, 62, 
63 

Fowls, color in, 74, 106, 113, 118, 119, 
121 

comb shapes, 58, 105, 107, 108, 122 
creeper form, 106 
crest of, 106 

feathers on shanks, 105, 106 
modification of sex in, 173-176 
Freemartin, 177 
Friedrich’s disease, 214 

G 

Gallon, Sir Francis, and human he- 
redity, 9-10, 241, 242, 252 
Gamete, 47 
Gametophyte, 14 
of moss, 146 
Gastrula, 27, 28, 29 
Gemmules, 21 
Genes, 28, 33-36 
action of, 152—159 
in homologous chromosomes, 35, 36 
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Genes, independence of. 92-90 
interaetion.s of. 107-121 
nature of, 151, 152 
number of, 33 

proof they are in chroinosoines, 145- 
150 

symbols of, 54 

Genetics, aims common to embryt>loKy, 
32 

njodern. rise of, 1-10 
Genic balance, ami determination of 
BOX, 108, 109 
Genotype, 47 

in dihybrid generation. 90 
recognition of, in man, 01, 62 
Germ cells, 13-14 
Glioma retinae. 214 
Goiter, 212, 217 
Golgi apparatus. 12 
Gradients, in development. 31-32 
Grapes, resistance to phylioxiTa. 228 
Growth, 201, 202 
Orowtli eurves, 254, 266, 209 
Guinea pigs, rough and smooth coats of. 
59, 60, 61, 03 

Gynandromorphs, 169, 170, 177 
Gypsy moth, intersexea of. 170 
sex in, 169 

H 

Habrobracon, independent action of 
multiple sex alleles in, 159 
Hair, color of, 98. 109, 113. 194 
distribution of, 195 
form of, 98, 196, 190, 204 
Haplo-4, in Drosophila, 84, 85, 148, 
181 

Haploid, 38, 42 

Haploidy, a one-gene condition, 140- 
147, 150 

Harelip, 199, 242 
Hay fever, 208 
Head form, 199, 200 

in race hybrids, 199, 200 
Hemophilia, 209 

Heredity, an -iout ideas concerning, 1 
and legal questions, 237-239 
in man, 9-10. 191-225 


Heredity, in man, difTiciiltv in discover- 
ing, 191, 192 

mechanism of, 33-42, 145, 140 

same as evolution mechanism, 179 
particulate, 2-3 
practical applications of. 10 
relation to evolution, 179 -190 
Hernia, 203 

Hessian (Iv, resistance to. in wlieat, 228 
Heterosomes, 04. 66, 73, Uiti 
genes in, 05. 00 
in man. 04, 66 
Heterozygote, 47 

indejMMHlent action of allelic genes in, 
158. 159 

rccognizal)le in man. 48-50 
Hill Folk of Massachusetts, 222 
Hippocrates, ideas of lierc’dity, 1 
Hives, 208 
HomozygcMe. 47 

Honey, Icvulose and dextrose in, 233 
Honevlu^e. numli<‘r of genes in cells, 150 
sex d(‘terminnt Ion in. 171 
Hornu)n(‘s, afT<*eting growth. 201. 202 
artVeting hereditary eliaraeters, 120- 
128 

determining secondary sex charac- 
ters. 173, 174 
relation to hereditv, 130 

w 7 

relation to racial characters, 128 
Horns, in sheep, 112 
Horses, color of. 232 
Huntington’s chorea, 215 
Hybridization, of races of men, 276, 277 
disharmonies in. 277 
as source of knowledge of heredity, 43 
of species, 183 
Hybrid vigor, in barley, 236 
in corn. 234, 235, 236 
in various plants, 230, 240 
Hydra, budding in, 20 

I 

Ichthyosis, 202 
Identical twins, 172 

intelligence (piotients of, 222, 223, 225 
in study of heredity, 130 
Idiocy, amaurotic, 219, 241 
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Immigrants, Laughlin’s studies of, 281, 
282 , 283 

contrast of northwestern and south- 
eastern Europe, 281, 282 
weakness of, 282, 283. 284 
Immigration, to United States, 279-284 
course of, 279. 280 
restriction of. 279-282 

none against Western hemisphere, 
280 

Immigration policy, 279-283 
improvement in, 283, 284 
India, population problem in, 257, 269 
Infection, susceptibility to, 211 
Inheritance, cytoplasmic, 160-164 
particulate, 10 

Inhibiting gene, affecting eye color, 192 
affecting skin color, 193 
Inhibitors, 1 13-114 
Insanity, 218, 219 
Insulin, in diabetes, 210 
Intelligence, 222-224 
Interactions of genes, 107-121 
Intersexes, 168, 176, 177 
Intersterility of species, 183 
source of, in Drosophila, 190 
Inversion, 180 
Ishmael, Tribe of, 222 
Isolation of species in evolution, 189 - 
190 

J 

Jaws, defective growth of, 199 
Juke family, 215, 221 

K 

Kallikak family, 221 
Keratosis, 202 

Kolreuter, Joseph Gottlieb, plant hy- 
bridizer, 2 

Kynurenine, derived from tryptophane, 
relation to eye color, 158 

I. 

Lebistes, V-chromosome character in, 

72, 73 


Left-handedness, 215, 216 
Lethal characters, 83-91 
Lethal genes, 86 

dominance of, 89-90 
time of action of, 90, 91 
in yellow mouse, 87 , 88 
lethal hoinozygotes, 86, 87 , 88 , 89-91 
dominance in, 91 

Light, effect on hereditary characters, 
124 

Linkage, 131-144 
in man, 142-144 

number of groups, 142, 143, 147, 148 
proof of, 135 
ratios in F 2 , 139, 141 
Lip thickness, in man, 196 
Lobster claw, 201, 242 
Locusts, resistance to, in Amargo corn, 
228 

Longevity, 212, 213 

x\r 

Malthus, Essay on Population,’^ 254 
Mammals, influence of nutrition on, 129 
unequal effects of parents on nutri- 
tion of offspring, 126, 126 
Manic-depressive insanity, 218, 219 
Marriage age, 261 
Maternal inheritance, 160-164, 165 
Mathematical ability, 225 
Maturation, 22, 23, 36-39 

involving heterosomes, 166, 167 , 168 
Mean, 285, 286 
reliability of, 290, 291 
significance of, 286, 296 
Mediterranean race, 274 
Meiosis, 22, 23, 24, 25, 36-39 
Melanin, derived from dopa, 157 
Melons, inherited sugar in, 232 
Mendel, Gregor, and hawkweed experi- 
ments, 7 
neglect of, 6-7 
pea experiments, 3-4 
rediscovery of, 7-8 
story of, 3, 4, 6, 6-8 
Mendelian heredity, definition of, 160 
Mendelian mechanism, 145-146 
Mentality of races, 275, 276 
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Mice, colur of. ol. 62, 63, o4. t>3, Ho- 

lly 

multiph* alloU's in. 78 
short-tuiltMl a lethal. 110. 91 
manner of art ion, 00. 91 
time of action. 00, 91 
sj>ottinK factors in. 111 
yellow, as lethal. 87, 88 
size of litter from, 01 
Migraine, 208 

Migration, elTect on fretiuency of 
genes, 182 

Mildew resistance, 227 
Mink, mutations of, 230, 231 
-Mitochondria, 12, 13 
Modifiers, 110, 111, 112 
Moisture, effect on lu'reditary char- 
acters, 120 
Mongolian fold, 100 
Mongolism, 212, 217 
.Mongoloid races, 271, 272 
Monilethrix. 105 
Monohybrids. 43--45 
Mosses, life cycle in, 41 

ploidy and number of genes in, 140, 
147, 150 
reduction in, 41 
Multiple alleles, 75-82 

and blood groups in man, 78. 70, 80, 
81 

dominance of, 78 
ill Dro.sophila, 70, 78 
a.s explanation of irregular domi- 
nance, 192 
in hair color, 104 
in human eye color, 81 
for mating types in Kuplotes, 150 
in mice, 78 
in rabbits, 77, 78 
for sex in Habrobracon, 150 
in snapdragons, 77 
symbols of, 7f>-77 

Multiple embryos, a(‘x of, 171, 172 
Muscle atrophy, 214 
Muscle defects, 202, 203 
Muscular dystrophy, 74 
Musical ability, 224, 225 
Mutation. 152-154, 170 


.Mutation, in anim.al and plant improvi*- 
iiH'nt, 231. 232 
causes of. 183 185 
direction of. 185. I8fi. 100 
paralh'I. 185, 186 

providii^g matt‘rial for na-oinbination, 
182 

repcat(‘d. IHti 
n‘Vcrsii>le. 18(> 
in sonnati<* cells. 31-32 
Myopi.a. 143. 205. 20b 
Myotonia, 215 

X 

Xag<‘li, coiT(‘spon<lcnee with Mendel. t\ 
Xams. 222 

Xasal index, 271 272 
Xegroid rac(‘s. 271. 272 
Xerve defects, 214. 216, 21(i 
Xet reproductive rate, 251. 253 
Xeurospora. actiotj of gen<-s in. l.>4 15(i 
mutation in. 155, 166 

of capacity to gcnninat(‘, 189 
.segn-gation in. 166 
testing for mutation, 166, 150 
Xight blindne.ss, 143. 20ti. 21(i 
Xondi.sjiinction. altering balam-e (h>ter- 
rnining .s(‘x, lb8 
causing slnft of genes. 148 
a part of M(*ndelian process, IbO 
j)roducii»g gynandromorph. 170 
reduetioiial, 42. 83. 84, 85, 01 
somatic, 18. 83 

Xon-Mendelian heredity. U)0 Itio 
Xordic race, 274, 276 
Xoseblced, 202 
X'ose shape, in man, 19b 
Notorious families, 221, 222 
Nuclear membrane, 12, 15 
Xuelear sap, 12 
Nucleolus, 12 

Xucleoproteins, material of genes 152 
153 

Nucleus of cell, 12 

Nutrition, affecting hereditary charac- 
ters by, 124, 126, 12b 
affecting siphons of Ciona bv, 184, 
185 
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Xystagmus, 203 

O 

Oats, color of chaff in, 117, 118, 121 
Obesity, 201. 202. 210 
Oonotliera, heredity in, 9 
Oneida C'oiniminity, engenics project 
in, 250, 251 
Oocytes, 3(i. 37, 38, 39 
Oogonia, 30, 37 
Organizers. 30, 32 
Organs, formation of, 28-29 
Otosclerosis, 207 
Ovary, as endocrine gland, 127 

P 

Pancreas, production of insulin by, 127 
Paralysis agitans. 214 
Paramecium, conjugation in, 26 
fission iti, 20 

sexual reproduction in, 24-25 
Parkinson’s disease, 214 
Parthenogenesis, 20-28-' 
variability in relation to, 27-28 
Particulate inheritance, 2-3, '10 
Peaches, color of, ^32 
Peas, flower color in, 108. 121 

size of plant and shape of pods in, 105 
I^henotype, 47 
Phenylketonuria, 218, 241 
Phenylthiocarbamide, abilitv to taste, 
207 

Phylloxera, resistance to, 228 
Pituitary gland, influence on growth 
and on other glands, 127 
Plant patents, 236, 237, 240 
Plants, ancient cultivation of, 1 

chromosomes related to sex in, 167, 
168 

Plastids, 12 

division of, 12, 18 

involved in variegation, 160, 162, 163, 
165 

Platypoecilus, sex-linkage of color, 70- 
72 

Ploidy, relation to number of genes, 
146, 147 


Polar body, 37, 38, 39 
Pollen, 23 

germination of, 24, 40, 41 
Pollen tube, 23 
Poh'dactyly, 200 

irregularly dominant, 110-112 
Population growth, 255, 266, 257 
affected by war, 263 
and age distribution, 266, 267, 268 
adjustments to, 268, 269 
and areal differences, 265, 266 
eugenic implications of, 269 
predictions for future, 264, 266, 269 
Population problem, 254-269 
Position effect. 153, 180 
Poultry, broodiness in, 230, 231 
egg production of, 230, 239 
resistance to pullorum disease, 229 
size of eggs, 231 

Primula, Chinese, flower color changed 
by temperature, 123 
Probable error, relation to standard 
error, 293 

Prolactin, relation to broodiness, 231 
Proteins, 11-12 

specifleity of, 1 1-12 
Protenor, maturation in, 166, 167 
Ptosis, 203 

Pullorum disease, in poultry, 229 

Q 

Quantitative characters, 285-297 

R 

Rabbits, hair color of, 103-105, 110 
hair length of, 103-105 
multiple alleles in, 77 
resistance to abortion bacterium, 229 

Race, confused with language, nation, 
or religion, 270, 271 
definition of, 270 

Races, characters distinguishing, 271- 
272, 284 

classification of, 271, 274, 276, 284 
fertility of, 278, 279 
hybridization of, 275, 276 
mentality of, 275 
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Haoial composition of I’nitiMl States. 
277-27‘t 

Hadiatioii, cause of imitatioii, 153-154. 
183, 184 

Hadishes. sluij)e and col(»r in, lOd 
Ratio in J-'j, diliyhrid diaived from 
numohyhriil, 1)5 ‘.HI, 1)*). 100, 103 
moddied hy interaetion of Irenes. lOS, 
100. 1 U> 1 IS. 121 

trill^■l)^id. <.i(*ri\'ed from mon<4i\ l>rid, 

105 

Recessive, 51 

Reciprocal crosses, dedinition of. 01 
Re<*oml)ination of jjcik's. 4. S. 02 10."> 

chanj^e in fre(pi<-ncy of jionot ypes, 1H2 
ill plant and animal im j)rov(‘ni<*nt, 
233, 234. 240 

as .source of variation. 181 183 
R(*duction tlivision, 37, 38. 42 
in flowering plants, 40, 41 
in mosses. 41 
Regression, law of. 0 
Renal Kly^'o-s’iiifO 21 1 
Rej)la<-ement index, 269 
Ri'production. 10 32 

ancient ideas comaanin^, 1 
asexual. 10-21 

variahilitv in relation to, 21 
sexual, 21 21) 

variation in rel.ation to. 25-28 
size of parental contribution. 32 
Reproductive rate, net. 251. 253 
Resistance, to funj'ous diseases in 
plants, 22t) 228 
to pests, 228, 229 
Retinitis pigmentosa, 200 
Rh factor. 208, 200 

relation to mental development, 218, 
225. 245, 240 
Rickets, 212 

Roan cattle, color inlieritance in, 48, 
49, 50 

Rust resistance, in snapdraKons, 227 
in wheat, 226, 227 

S 

Saint Vitus’s dance, 216 

Salivary gland of Drosophila, 33-35, 43 


Salivary gland of I)roso])hila, j'hroino- 
.somes in. 1 10. 15f) 
pattern of cl»romosr)nu*s, 34 
SalmomOla puliorum. 220 
S«4)izophr< tiia, 2 1 8 

S(‘condarv s(‘x characters. 172. 173, 

171. 175 

Seecllcss grajje, 231, 232 
S<'greg;it ion of genes. 3. 4. 8, 50 
S<4<-ction. ifi guidance of e\'oiution, 
1S7 ISO 

.Seh’ct iv(‘ advantage. 188. lOO 
S«-x, ellVet on tloiniiianca'. Ill, 112 
g(*nes for. 108 
g(*net ics of. 1 fiO 1 78 
.ami genic l)alance. 108, 100 
in plants. 107. 108 
re\ cr.-'al of, 1 75, 176 
suppressing an t f)somal cliaracter, 
112 113 

S<'x-linkag<'. tit 73. 142, 113. 148 
n'cogtjit ioti in man, 08 00 
Sc-x-linke(l chaiact(‘r. r('coml>ina1 ion 
with autosomal. 100. 101, 102 103 
Sheep, eolor of. 113 114 
horns of. 1 12 

ShejiluM’d’s-pvux-. capstde .sha[)e. 1 10, 

120 . 122 

I<‘ai' shap<‘, 47. 48 

Silkworm moth. gynandromorj)hic. 169, 
170 

shap(‘ of eggs. Hi5 
Skin, color of. 122. 103 
alYeeted by liglit, 124 
distrilmtion of. 103 
def(‘cts of. 202 
Smut resistance. 227 
Snails, direction of coiling, 163, 104, 

1 05 

Snapdragons, inheritance of color in, 
44, 45, 46, 47. 50 
Somatic cells, 13 -14 

identical in one individual, 31-32 
Spastic parap!(‘gia. 214 
Spastic spinal paralysis. 214 
Species, hybridization of, 183 
Spermatid.s, 37, 38 
Spermatocytes, 30. 37, 38 
Spermatogonia, 30, 37 
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Spermatozoon, 22, 23, 39 
Spinal ataxia, 214 
Spores, 21 
Sporophyte, 41 
of moss, 146, 167 
Spotting genes, 111 
Squash, color of, 93, 94, 95, 96, 114 
shape of, 93, 94, 95, 96, 109 
Squinting, 206 
Standard deviation, 287 

use of in genetics, 288-290, 296, 297 
Standard error, 290-293, 296 
of coefficient of variation, 292 
of difference, 292, 293, 296 
of mean, 290, 291 
of ratio, 292. 296 
relation to probable error, 293 
of standard deviation, 291 
Starfish, development of, 27 
Statoblasts, 21 

Stature, a race character, 271 
Sterilization, 248, 249 
Stigma of flower, 23 
Strabismus, 206 

Strawberries, improvement of, 234 
Stuttering, 215 

Susceptibility, inherited, 211, 212 

Sweat glands, racial differences in, 273 
Symmetry, origin of, 29-30 
Symphalangy, 66-67, 200 
Syndactyly, 200, 201 
gene in Y chromosome, 73 

T 

Taste capacity, 207 

Teasel, stems affected by nutrition, 
124, 126 

Teeth, absence of, 198 
lack of enamel on, 198 
resistance to caries, 198 
spacing of, 198, 199 
time of cutting, 198 
Temperature, effect on hereditary char- 
acters, 123, 124 
effect on mutation, 183 
Testcross, 60, 61 
dihybrid, 96, 97 
Testis, as endocrine gland, 127 


Thomsen’s disease, 215 
Thyroid, an endocrine gland, 127 

Tobacco, recombination in, 233, 234 

236 

Tomato, height of, 144 
shape of fruit, 144 
Translocation, 149, 180 
a part of Mendelian process, 160 
Tribe of Ishmael, 222 
Trihybrid ratio in Fa, 103-105 
with interaction, 222 

Tryptophane, synthesis in Neurospora, 
156, 167 

Tuberculosis, resistance to, 211, 212 
Twins, identical, 172 

U 

Ultraviolet as cause of mutation, 153, 
183 

Urticaria (hives), 208, 209 

V 

Vacuole, 12 
Variability, 286-290 
abstract measure of, 287, 288 
in asexual reproduction, 21 
normal curv'e of, 288, 289, 290 
in parthenogenesis, 27-28 
in sexual reproduction, 25-26 
Variation, coefficient of, 287, 288, 296, 
297 

primary source of, 179-181 
secondary source of, 181-183 
Varicose veins, 203 
Variegation, in corn, 161, 162 
in Mirabilis^ 161 
in plants, 160-163 
Vegetative reproduction, 19-21 
Virus, resistance to in beans, 164 
similarity to gene, 152, 159 
Vitamins, synthesized by Neurospora, 

155 

W 

W chromosome, 65, 166, 167, 170, 177 
Wheat, bunt resistance in, 227 
color of. 114-116, 122 
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Wheat, rust resistance of, 226, 227 
Wilt resistance, 227 
Wins. 222 



Y chromosome, G4, 66, 1G6-1()8 
genes in, 72, 73, 148 
Yellows in cabbage, 227, 228 


X chromosome. 04. 86, 100-108, 170, 
171. 177. 178 
genes in, 148 

relation to .sex-linkage, 06-70 
Xeroderma pigmentosum, 202 
X rays, a cause of mutation, 153 
hastening mutation by, 183 


Z 

Z chromosome. 05, 100. 107. 100. 170, 
178 

relation to sex-linkage, 70-72 
Zeros, 222 
Zygote, 47 




